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ABSTRACT 
Daylight data are of great importance for daylight design in buildings. Traditionally, 
daylight data can be measured by ground stations or derived from meteorological data. 
Recently, researchers in Europe, Japan and Thailand proposed some satellite-based 
models to derive illuminance data and estimate sky patterns from geostationary satellite 
images. In contrast to the traditional sparse ground measurements, the satellite-based 
methods can obtain daylight data with an almost continuous spatial coverage over a large 
area where ground stations may not necessarily be available. However, much less has 
been done on deriving daylight data from satellite images in subtropical regions. Those 
models developed elsewhere under their own climate conditions may not be suitable for 
subtropical regions such as Hong Kong and adjacent areas in southern China. 
This study furthers the field by using geostationary satellite visible channel data to 
predict daylight illuminance and sky conditions under subtropical climate condition. This 
study used GOES-9 visible channel data and corresponding ground measurements 
collected in the IDMP station in The Chinese University of Hong Kong from June 2003 
to May 2005. Statistical models both in indirect approach and direct approach have been 
proposed to derive global horizontal illuminance. The RMSE of hourly illuminance 
predicted by indirect approach and direct approach are 35% and 31% respectively. A new 
sky type index has been proposed to classify three sky conditions based on 15 CIE 
Standard General Sky. The sky type index is a function of cloud index derived from 
satellite data and the clear sky index that can be either calculated by normalizing global 
irradiance for an idea clear sky (model 1) or derived by the n-k^ relation (model 2). 
Both model 1 and model 2 can predict three sky conditions well especially for overcast 
sky conditions that are in the majority in subtropical Hong Kong. The relative errors to 
predict overcast, partly cloudy and clear skies are 0%, 8%, and 9% for model 1 and 3%, 
1% and 5% for model 2. 
The results show that satellite-based methods can be applied under subtropical context to 
predict daylight illuminance and sky conditions using satellite visible channel data. Both 
indirect approach and direct approach to derive daylight illuminance have particular 
advantages and shortcomings. Direct approach has better accuracy, while indirect 
approach only needs global irradiance which is one of the most commonly measured 
meteorological parameters. The choice of which approach to use in the development of 
model depends, to a great extent, on the ground data available. The simple sky type index 
based on cloud index derived from satellite images can predict the sky conditions for 
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Daylight data are of great importance for daylight design in buildings. Basic daylight 
data, such as illuminance data, can be used in simple analysis of design options, 
while more detailed data, such as sky types or sky luminance distributions, are 
essential to assess the building performance using some simulation tools. Because of 
the dynamic nature of daylight, it is important for the architects and engineers to 
know the accurate daylight availability under local climate conditions. 
Traditionally, daylight data can be measured by ground stations. Up to now, the 
ground measurement may be the best way to collect daylight illuminance data and 
sky luminance distribution in terms of temporal resolution and accuracy. The 
instruments for daylight measurement are relatively expensive and need qualified 
people for maintenance. Therefore, daylight measurement stations are still sparse 
except some stations for the International Daylight Measurement Programme (IDMP) 
and for researches in some institutes. Alternative ways to obtain daylight data are to 
derive daylight illuminance from solar irradiance and estimate sky types or 
luminance distributions from meteorological data. However, these methods still rely 
on the solar radiation measurement or other meteorological data, which themselves 
are only available in some meteorological stations. 
Recently, researchers in Europe, Japan and Thailand proposed some satellite-based 
models to derive illuminance data and estimate sky patterns from geostationary 
satellite images (Ineichen & Perez, 1999; Janjai, et al., 2003; Janjai, Masiri, et al., 
2008; Janjai, Tohsing, et al., 2008; Satel-Light, ； Uetani, 1999). In contrast to the 
traditional sparse ground measurements, the satellite-based methods can obtain 
daylight data with an almost continuous spatial coverage over a large area where 
ground stations may not necessarily be available. However, there were few 
researches to derive daylight data from satellite images relating to subtropical regions. 
These models developed elsewhere under their own climate conditions may be not 
suitable for subtropical regions such as Hong Kong and adjacent areas in southern 
China. 
This study investigates the relationship between satellite visible channel counts, 
global illuminance and CIE 15 standard skies under subtropical climate conditions. 
This investigation is based on the geostationary satellite, GOES-9, from June 2003 to 
May 2005. Simultaneous ground measurements are used to derive the satellite-based 
algorithms from CIE IDMP research class station in The Chinese University of Hong 
Kong. The algorithms developed under local subtropical climate conditions in this 
study could be applied to adjacent areas or other places with similar climatic 
situation. 
1.1 Issues and problems 
Daylight data are not available in most places in subtropical southern China without 
meteorological stations and IDMP stations. 
Algorithms to derive global illuminance from different satellite data under other 
climate conditions may be not applicable for subtropical Hong Kong and adjacent 
areas. Most satellite-based methods are used for deriving solar irradiance. Few 
researches predict daylight illuminance from satellite images especially for 
subtropical region. 
Methods predicting sky types from meteorological data still heavily rely on ground 
meteorological parameters that are not always available in subtropical southern 
China. Further, methods to predict sky types or luminance patterns by other 
researches under local climate conditions may be not suitable for Hong Kong and 
adjacent areas. 
1.2 Objectives 
To develop statistical models to predict daylight illuminance based on geostationary 
satellite visible channel images under subtropical climate conditions. 
To develop a satellite-based method to estimate sky types for subtropical Hong Kong 
and adjacent areas using the cloud index derived from satellite visible channel data as 
well as other meteorological data. 
1.3 Methodology 
1.3.1 Satellite-based models to derive illuminance 
Satellite-based methods to derive illuminance data can be classified into statistical 
models and physical models. Statistical models are mainly based on the correlation 
between satellite visible channel data and the ground measurement. Physical models 
mainly consider the interaction of radiation budget with the atmosphere when solar 
radiation travels through the atmosphere. Both methods have particular advantages 
and disadvantages. Statistical models are easier in implementation but site specific; 
physical models are less dependent to the site situation but more complicate that 
require complementary meteorological data such as ozone and water vapor (Noia, et 
al., 1993a, 1993b). This study uses a statistical method to derive daylight illuminance 
as the complementary meteorological data are not available. 
1.3.1.1 Satellite pixel value to cloud index 
The satellite visible channel data are used to generate the cloud index that was 
originally proposed by Cano et al. (1986). Firstly, the raw pixel counts of the 
GOES-9 satellite are corrected for geometric sun-earth distance and for solar 
incidence. Then the corrected pixels are normalized considering the atmospheric 
scattering effect and the backscatter effect under subtropical sky conditions. To 
calculate the cloud index, the upper boundary and the lower boundary of 
twice-corrected satellite counts are determined based on Ineichen & Perez's method 
(1999). 
After the cloud index has been generated, the global illuminance is derived in two 
approaches, the indirect approach and the direct approach. Two approaches are 
compared in term of the accuracy. 
1.3.1.2 Cloud index to global illuminance: indirect approach 
A statistical algorithm is developed to derive the solar irradiance from the cloud index 
under subtropical climate conditions, and then the solar irradiance is converted to 
illuminance using a luminous efficacy model. 
1.3.1.3 Cloud index to global illuminance: direct approach 
A direct approach is also proposed to correlate the cloud index directly with 
illuminance clear sky index. The illuminance clear sky index is a function of the 
ground-measured illuminance and the clear sky illuminance. Finally, the study 
compares the indirect approach and the direct approach in term of applicability and 
performance. 
1.3.2 Sky types prediction 
Satellites monitor the cloud conditions in the atmosphere. Sky types have a direct 
relationship with the cloud cover in the sky. This study proposes a sky type index as 
a function of cloud index and clear sky index. The 15 CIE Standard General Sky 
types are grouped into three categories. Then this study investigates the relationship 
between the sky type index and the three sky conditions. 
1.4 Significance and benefits 
Satellite-based methods to obtain daylight data can be more cost-effective than the 
traditional ways by ground measurement, especially for a large area. 
Satellite-based methods based on Hong Kong data can predict daylight data for 
adjacent areas where no meteorological stations or IDMP stations are set up. 
The algorithms or methodology to predict illuminance and sky types from satellite 
images may be applicable for other places with similar climate conditions. 
1.5 Organization of the Thesis 
This thesis is organized into five chapters. 
Chapter 1 is the introduction. 
Chapter 2 gives a review of previous researches and background information related to 
this study. This chapter begins with an introduction of daylight data measurement that 
is the traditional way to obtain daylight data. Subsequently, this chapter reviews the 
two approaches to derive the daylight illuminance using satellite visible channel data. 
Then, this chapter introduces the brief history of CIE standard skies and prediction of 
sky types and luminance patterns by meteorological data and satellite data. Finally, 
this chapter gives a brief introduction of the climate in subtropical Hong Kong, 
which is the climate context for this study. 
Chapter 3 introduces statistical models proposed in this study to derive the global 
illuminance under subtropical climate condition in two approaches: indirect approach 
and direct approach. Two approaches then are compared in terms of the applicability 
and performance. 
Chapter 4 proposes a method to classify the sky conditions for subtropical region. 
This chapter proposes a new sky type index to classify the sky conditions into 
overcast skies, partly cloudy skies and clear skies based on CIE Standard General 
Sky data in Hong Kong 
Chapter 5 gives the summary of the models, conclusion, limitation and further work 
of the study. 
Chapter 2 
BACKGROUND AND LITERATURE 
2.1 Introduction 
Daylight is essential to sustainable building design. It can improve the occupants 
satisfaction and conserve energy. Short term or long term daylight data including 
exterior daylight availability and the sky luminance distributions are essential for 
illuminating engineering tasks and architectural design concepts (Kittler, 1994). 
Daylight is dynamic. Exterior daylight availability and sky conditions vary in 
different times and locations. For better design, architects and illuminating engineers 
need to know the dynamic nature of daylight under local climate conditions. This 
chapter gives a brief review of approaches to obtain daylight data ranging from 
traditional ground measurement to modem satellite technology as well as 
background information for this study. 
2.2 Daylight data measurement 
The International Daylight Measurement Programme (IDMP) was set up in 1991 by 
the International Commission on Illumination - also known as the CIE from its 
French title, the Commission Internationale de I'Eclairage and the World 
Meteorological Organisation (WMO) (CIE, 1991). Ground stations throughout the 
world have been set up to collect daylight data under the guideline recommended by 
CIE (CIE, 1994). There are two categories of IDMP stations: the General Class, 
mainly measuring illuminances and irradiances; and the Research Class, mainly 
recording sky luminance distributions as well as other meteorological quantities. 
Most of the IDMP stations situate in developed countries in the northern hemisphere. 
In Mainland China, two stations, a Research Class station in Beijing and a General 
Class station in Chongqing, was established in 1991. 
To address the shortage of stations in subtropical regions, a CIE IDMP General Class 
station was established in 2000 at The Chinese University of Hong Kong, and it was 
then upgraded to IDMP Research Class station in April 2003 (Ng & Tregenza, 2005). 
As of Research Class, the CUHK IDMP measuring station fulfils the measurement 
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14) Wind direction (D, degree) 
The IDMP stations can measure detailed daylight data in high temporal resolution, 
which can be the important sources for daylight design and performance assessment 
of buildings. However, the IDMP network coverage is still very sparse. By 1998, a 
total 48 measurement stations were established worldwide (CIE, 1991). To make 
matters worse，more than half of the IDMP stations are now not in operation due to 
lack of funding (CIE, 1991-2007). CUHK IDMP station also ceased its operation in 
May 2005. To solve the lack of ground measurements, researchers proposed 
alternative techniques to derive the components of daylight around the world. 
2.3 Satellite-based models to derive illuminance 
The development of remote sensing technology contributes to a practical and 
cost-effective approach to derive illuminance over a large spatial coverage. Some 
satellite-based models were originally used to derive the solar irradiance from 
satellite pixel counts in the ground level, and then convert the solar irradiance to the 
daylight illuminance using luminous efficacy models. Apart from the indirect models, 
some researchers proposed approaches to derive global illuminance directly from 
satellite images. The two approaches are referred to the indirect approach and the 
direct approach in this study. 
2.3.1 Irradiance derived from satellite pixel values to illuminance (indirect 
approaches) 
Several authors have illustrated the potentialities of the geostationary satellite images 
for predicting the global irradiation on a horizontal surface at the ground level (Noia, 
et al, 1993a; R. Perez, et al., 2001; Pinker, et al., 1995). Zelenka et al. (1999) and 
Perez et al. (1997) demonstrated that the irradiation derived from satellite data is 
better than that estimated by interpolation from neighboring ground measurements 
when the distance to the stations is greater than 34 km for the hourly irradiation and 
50 km for the daily irradiation. Earlier attempts to utilize satellite data for estimating 
incident solar radiation at the earth's surface were found in 1970s (Noia, et al., 
1993a). In the following three decades, several methods have been developed that 
can be generally categorized into statistical models, which are easier in 
implementation but site specific, and physical models, which are less dependent to 
the site situation but more complicate (Noia, et al” 1993a, 1993b). Recently, some of 
the methods have been further improved and then have better accuracy. This study 
reviews the main satellite-based models after 1990s including both statistical models 
and physical models to assess their performances. 
2.3.1.1 Heliosat algorithms 
Heliosat algorithm was originally developed by Cano et al. (1986) in Europe for the 
Meteosat, which first calculate the relative apparent albedo using uncalibrated counts 
of Meteosat images: 
P ^ Y ^ (2.1) 
es,clear 
Where C^ ,^ is the 8-bit digital count of a pixel between 0 and 255, and E^ ^ —r is the 
clear sky globe irradiance at ground level from an empirical model. 
As a second step from the relative albedo a cloud index n is derived for each pixel 
of individual images (Cano, et al., 1986): 
n= P-P:- (2.2) 
P cloud P ground 
where 广例—and 厂(w refer to the relative albedos of the ground and of compact 
cloud cover. 
To relate the cloud information given by the cloud index with ground irradiancc data 
the Heliosat method introduces a linear relationship between the cloud index n and 
10 
the atmospheric transmission expressed by the clearness index k^  (Cano, et al. 
1986): 
k 丨 二 a.n + b (2.3) 
where E^ is the extraterrestrial irradiance, E^ ^ is the actual surface irradiance. 
Different values of the parameters a and b were found for different sites and 
times of day, reflecting diurnal variation of atmospheric turbidity (Cano, et al., 
1986). 
Finally, according to equation (2.3), the estimated global irradiance can be calculated 
by the product of k^  and the known E^. 
l)Heliosat-l 
Heliosat-1 refers to the modified version by Beyer et al. (1996) and Hammer et al. 
(2003). This was the first operational large scale implementation of the algorithm, 
and globe irradiance and derived products for the period 1996-2000 are provided for 
most of Europe on the Satel-Light web server (Hammer, et al., 2003). The main 
differences from the original version proposed by Cano et al. (1996) are discussed as 
follows. 
• The relative apparent albedo p 
The relative apparent albedo p in Heliosat-1 algorithm now is calculated by 
(Hammer, et al, 2003): 
(2.4) 
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where Q is a total offset resulting from an instrument offset C�灯 and an 
atmospheric offset due to atmospheric backscattering. An semi-empirical 
approach for C咖 was developed by Beyer et al. (1996) and later modified by 
Hammer et al. (2003). The extraterrestrial irradiance E^  is now used in the 
normalization instead ofE^^ j^^ ^^  in equation (2.1). 
• The clear sky index k^  
In Heliosat-1, the clearness index k^  (equation (2.3)) is replaced by the clear sky 
index k�which normalizes the actual surface irradiance with the clear sky 
irradiance £ — � H a m m e r , et al., 2003): 
(2.5) 
es,clear 
• Then -kc relation 
In the original n - k^ relation (equation (2.3)) proposed by Cano et al. (1986), the 
parameters a and b are different at different sites. Heliosat-1 algorithm adopted a 
better relationship between the cloud index and the clear sky index that is the same 
for any site. This new empirical relation is derived by the Satel-light project firstly 
proposed by Fontoynont et al.(1998) (cited in Hammer, et al., 2003): 
1.2 n < -0.2 
\-n - 0 . 2 < « < 0 . 8 




The cloud index is still calculated with equation (2.2). 
• The clear sky iiradiance E绍 
For the calculation of the clear sky iiradiance, a direct iiradiance model and a diffuse 
iiradiance model are used that were developed by an empirical analysis of ground 
data both using the Linke turbidity factor to describe the atmospheric extinction 
(Hammer, et al., 2003). 
The direct normal iiradiance £"以 c/ear is then given by (Hammer, et al., 2003): 
五 町 J 瓦 。 仅 甚 6 2 柳 ( 2 . 7 ) 
where E^^ is the solar constant, e is the eccentricity correction, T^ (2) is the Linke 
turbidity factor for air mass 2, (m) is the Rayleigh optical thickness and in is the 
air mass. 
The diffuse iiradiance is calculated using an empirical model only for solar elevation 
angles lower than 70° (Hammer, et al., 2003): 
Eed’ciear =瓦o«^(0.0065 + ("0.045 + 0.06467,(2))cosZ^+(0.014-0.03277^(2))cos' Z^) 
(2.8) 
where Z^  is the zenith angle of the sun in degree. 
Finally, the total clear sky iiradiance is the sum of the components (Hammer, et al., 
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2003): 
Eeg,clear 二 五 C O S Z^ + 五喊c/ear (2.9) 
2) Heliosat-2 
With the same physical principles of Heliosat-1, Rigollier et al. (2004) proposed 
Heliosat-2 algorithm to integrate the knowledge gained by various developments of 
the previous Heliomat method and its varieties coherently and thoroughly. The main 
difference of Heliomat-2 is to adopt the clear sky models of the 4th European Solar 
Radiation Atlas (ESRA) and assess the ground albedo and the cloud albedo 
considering the path radiance and the transmittance of the atmosphere (C. Rigollier, 
et al., 2004). 
• The relative apparent albedo p 
Like in Heliosat-1, the inputs to the method Heliosat-2 are not numerical counts of 
the satellite images that are calibrated and thus converted into observed radiances L如, 
in Wm—2sr—1, considering the change of sensor, gain and calibration in time-series (C. 
Rigollier, et al., 2002). Consequently, the relative apparent albedo p is expressed as 
follows (C. Rigollier, et al., 2004): 
P - , 冗 、 7 (2.10) 
where Tq讲己，is the total irradiance in the visible channel for the various Meteosat 
sensors (C. Rigollier, et al., 2002). 
The apparent ground albedo /？名顆"and apparent cloud albedo p^w 
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For determination of the apparent ground albedo 厂容卿"and the apparent cloud 
albedo Pchud in equation (2.2), the ESRA (European Solar Radiation Atlas) clear sky 
model is used to modeling the path reflectance厂“加(�,�,灼and the atmosphere 
transmittance ) a n d ) (Geiger, et al., 2002; C. Rigollier, et al., 2001). Given 
the large size of the pixel (>1 km), Rigollier et al. (2004) assumed that the multiple 
reflection and scattering effects are negligible and adopted the expression: 
P = L (Z, A 亦 )m) (2.11) 
w h e r e � i s the satellite viewing angle and \j/ is the difference between the sun 
and satellite azimuthal angles, or co-scattering angle. 
Using equation (2.11), Rigollier et al. (2004) defined a quantity p* that is a ground 
albedo if the sky is clear and adopted the minimum value in a time-series of p* as 
Pground . 
* (2 12) 
T ( Z j m ) • 
The apparent cloud albedo is calculated with (C. Rigollier, et al., 2004): 
_ P e f f - P a t 从 A , 的 
r cloud rp( rj \rri(n \ •丄 
丄 ( " J 
where � i s effective albedo of clouds depending on the sun zenithal angle Z^  
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• The ESRA clear sky model 
As mentioned above, Heliosat-2 uses the ESRA clear sky model instead of the clear 
sky models used in Heliosat-1 (equations (2.7) and (2.8)). The direct component of 
the ESRA model is the same as that in Heliosat-1 (equation (2.7)), but the diffuse 
irradiance is different (Christelle Rigollier, et al.，2000): 
(2.14) 
In this equation, the diffuse radiation is expressed as the product of the diffuse 
transmission function at zenith (i.e. sun elevation is 90°), , and a diffuse angular 
function, F^ (Christelle Rigollier, et al., 2000). 
Then - k^  relation in Heliosat-2 is the same as in Heliosat-1 (equation (2.6)). Using 
the ESRA sky model, Rigollier et al. (2000) argued that the ESRA model is the best 
one among models used in Heliosat method at that time in terms of robustness and 
accuracy; the RMSE (Root Mean Squared Error) in the estimation of the hourly 
diffuse irradiation ranges from 11 to 35 Whm~^ for diffuse irradiation up to 
250 W W . 
3) Heliosat-3 
With the launch of the Meteosat Second Generation (MSG) satellite that provide not 
only higher spatial (1 km) and temporal (15min) resolution but also 11 channels 
from 0.6 to 13 jum, the Heliosat algorithm has been updated to Heliosat-3 (Betcke, et 
al, 2006). 
The Heliosat-3 scheme is illustrated in Figure 1. The general structure of the 
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Heliosat-3 scheme is the same as in the heliosat-1 scheme that includes a clear sky 
module, a cloud module and an all weather module that combines the results of the 
first two modules to obtain the global irradiance (Betcke, et al., 2006). 
However, due to delay in launch and data-transmission of Meteosat-8 (aka MSG-1), 
some parameters could not be obtained for the cloud module; therefore, the 
combination of the new SOLIS (SOlar Irradiance Scheme) and an adapted version of 
the existing Heliosat-1 cloud index method and some climatological data were used 
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Figure 2.1 An overview of the Heliosat scheme (Betcke, et al., 2006) 
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• SOLIS clear sky module 
With the availability of data on the aerosol, water vapor, and ozone content of the 
atmosphere, the direct irradiance £"队叨，，global irradiance 五已君如 and diffuse 
irradiance £说诚 are calculated respectively using a so-called SOLIS (SOlar 




where A is the wavelength, r^^, r^ ^ and 7•崎 are (wavelength dependent) effective 
optical depths at Z^  =0 for direct, global and diffuse irradiance respectively, and 
a , b , and c are the (wavelength dependent) modified Lambert-Beer (MLB) 
parameters. 
• A modified cloud index algorithm 
The operational Heliosat-3 scheme used an adapted and improved version of the 
existing Heliosat-1 cloud index method in which a correction is made for 
backscattered radiation from air molecules (Dagestad & Olseth, 2007): 
3(cos^ y/) cos Z^  
16 冗 cos 代口,+C0SZ5 -e (2.18) 
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where 釣 i s the satellite zenith angle and y/ is the co-scattering angle; an optical 
depth r of 0.0426 is representative for the Meteosat-7 and 8 HRV channels, 
corresponding to an 'equivalent wavelength' of 680 画 . 
The relative apparent albedo p is then calculated with (Dagestad & Olseth, 2007): 
p : ^ K � C � , � C f 一 _冗 r 咖 ( 2 . 1 9 ) 
el^cosZ^ E^Q cosZ^ 
where C如 is the raw Meteosat HRV counts and C^^  is the constant instrument offset 
(51 for Meteosat-8); c, = 0.56— is the calibration constant 
J m str-jum-com\s 
and/,, 二 1 4 0 3 ^ ^ is the band solar irradiance of the Meteosat-8 HRV channel. 
^ m -jum 
A parameterization is also made to correct for the ground reflectivity叩训"taking 
into account the influence of the co-scattering angle y/ (Dagestad & Olseth, 2007): 
(？^) = 1 - + 0 . 1 + 0 05一 (2.20) 
where y/ is given in radians. 
The ground reflectivity can then be estimated by (Dagestad & Olseth, 2007): 
P — { ¥ ) 二 " g o / W ⑷ （2.21) 
Where p^^ is the reflectivity of the pixel for ^  = 0. 
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Dagestad and Olseth (2007) gave a constant 0.81 to the cloud reflectivity p咖uj. Then 
the cloud index is still calculated by equation (2.2). As illustrated in Figure 1，the 
Heliosat-3 also used the n - k^  relation in Heliosat-1 to calculate the global 
irradiance. 
From the original algorithm to the Heliosat 3，the Heliosat model is changing from a 
pure statistical model to a semi-physical model benefiting from the improvement of 
the satellite technology. Heliosat model now has been widely used for the regions 
covered by Meteosat satellite (Hans Georg Beyer, et al.，1997; Moradi, et al., in press; 
Polo, et al., 2006; Senkal & Kuldi, in press). 
2.3.1.2 Perez et al. model 
Perez et al. model refers in this paper to the algorithm that was developed by Perez et 
al. in North America for GOES satellite (R. Perez, et al., 2004; R. Perez, et al., 
2002). 
Perez et al. model also derives a cloud index (n ) from the satellite visible channel 
and use this index to modulate a clear sky global irradiance model that may be 
justified for ground elevation and atmospheric turbidity (R. Perez, et al., 2002). This 
model is based on earlier work by Cano et al.(1986) and Schmetz (1989). 
l)01d model 
Perez et al. old model includes two distinct parts (R. Perez, et al., 2002): 
(1) pixel to cloud index (n) conversion; 
(2) cloud index O ) to global irradiance £"职口，conversion. 
• Pixel to cloud index conversion 
In Perez et al. old model, the satellite raw pixels are first normalized for geometric 
sun-earth distance and solar incidence, and corrected by air mass effect and 
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Figure 2.2 Satellite dynamic range — GOES-8 southeastern US, 1997-2000 
(R. Perez, et al., 2002) 
• Cloud index to global horizontal irradiance conversion 
Global irradiance {E 如)in Perez et al. old model is determined by (R. Perez, et al. 
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sun/satellite angle effect; then a dynamic range (Figure 2.2) can be derived in which 
the upper bound represents respectively heavily overcast conditions while the lower 
bound represents the clear conditions (R. Perez, et al., 2002). The cloud index {n) 
can be calculated with (R. Perez, et al., 2002): 
norpix-low 
n = (2.22) 
up 一 low 
where the parameter up is the dynamic range's upper bound and low is the lower 
bound after two effects correction: and air mass effect at low solar elevation and a 
"hot-spot" effect for low backscatter angles; norpix is the normalized pixel for 
geometric sun-earth distance and solar incidence (Zelenka, et al” 1999). 
U O N V d
 o l s v N A a 
2002): 
五eg，,“,=(0.02 + 0.98(l-"))£;g，-r (2.23) 
where E^ ^ 论“厂 is the Kasten clear sky model calculated with (R. Perez, et al., 2002): 
E一 = 0.84^0 cos Z exp{-0.027m [jhl + ( 7 ^ - \ ) f l i 2 ] ] (2.24) 
with 
fhl = Qxp {-altitude/^000) 
fhl = Qx^{-altitude 11250). 
Perez et al. (2002) analyzed the observed shortcomings of the old model: 
(1) There are important seasonal and regional biases for global irradiance. 
(2) The winter-time sliding window is short taking into account the snow cover in 
northern locations leading to diminished model performance. 
(3) Direct irradiance does not fully account for regional turbidity and ground 
elevation. 
(4) The model does not work well in extreme climates. 
2) New model 
Perez et al.(2002) modified the Perez et al. old model in two aspects: 
(1) the utilization of external information for snow cover; 
(2) an accounting of sun-satellite angle effects individualized for each pixel. 
• Pixel to cloud index 
In Perez et al. new model, the satellite pixels are normalized to account for high air 
mass effects, leading to a fully normalized pixel npix (R. Perez, et al., 2002): 
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. norpix 
where 丫s is the solar elevation in degree that is set at a minimum value of 1.5° and 
a maximum value of 65° for solar elevation outside the interval. 
To reduce the error in old model that adopted a generic normalization function for 
sun/satellite angle effect to all pixels, Perez et al. new model corrected the 
sun/satellite angle effect individualized for each pixel using a new factor Matfac to 
the dynamic range's lower bound (R. Perez, et al., 2002): 
Matfac = /owj / low^ (2.26) 
where low^ is the dynamic range's lower bound for the considered hour and month, 
and low^ is the lower bound for all hours for the considered month. 
• Cloud index to 五螺(/ear conversion 
In Perez et al. new model, the Kasten clear sky model was modified considering very 
clear/high elevation locations (R. Perez, et al., 2002): 
五 ； . c o s Z , e x p ( - c g 2 . m ( y M + y7/2(7;-l)))exp(0.0W8) (2.27) 
where E^ is the extraterrestrial irradiance, Z^  is the zenith angle of the sun, m is 
air mass and is Linke turbidity factor. 
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W i t h 
cg\ = 0.0000509altitude + 0.868 
cg2 = 0.0000392altitude + 0mS7. 
The linear n - k^  function is therefore given by a fit to five environmentally distinct, 
very high quality ground truth stations (R. Perez, et al., 2002): 
= K • Eeg加(0.000 .五呀• + 0.9 
with 
k^ = 2.36n + 6.2n' + 622n -2.6?>n -0.58« + l 
(2.28) 
(2.29) 
2.3.1.3 Uetani model 
Uetani (1999) proposed a statistical model for global and beam solar radiation using 
the three channels of geostationary meteorological satellite images in Japan that is 
based on the multiple linear regression analysis to estimate surface global radiation 
values from the satellite image values. 
Uetani model uses the images observed by the Japanese geostationary meteorological 
satellite GMS-5 with calibration data. The raw pixel values of visible image (VIS 
channel), infrared image (IRl channel) and water vapor image (IRS channel) are 
converted into albedo Ay^  , equivalent black body temperature and J^ 肝 
respectively, by the calibration table attached to the each image; the albedo Ay^  is 
then normalized to the normalized albedo because of its dependence on the solar 
elevation angle y (Uetani, 1999): 
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A 
4 - . 
Uetani (1999) conducted the quality control as follows: 
(1) the solar elevation angle y^ beyond 5°, 
(2) the surface observed data and satellite observed data are all valid. 
The hourly global irradiance £"绍 is calculated by the following regression 
equation considering three sky conditions (clear, fine and cloudy)(Uetani, 1999): 
=K BJbm + B A - + 召 4 sin (2.30) 
where K, B” B ” B^  and B^  are the coefficients of the regression models under 
clear, fine and cloudy sky conditions. 
2.3.1.4 Gautier et al. model 
Gautier and Landsfeld (1997) proposed a model to compute the earth surface solar 
radiation flux based on physical modeling of the important radiative processes 
occurring within the atmosphere including scattering and absorption by clouds, 
aerosols, and molecules. 
The method by Gautier and Landsfeld (1997) focuses on investigating the effect of 
cloud on earth surface solar radiation flux by computing the cloud reflectivity from 
satellite measurements in the visible channel. 
In the computational process of Gautier et al. model, the first step is to calibrate the 
radiances measured by the satellite sensor, and the second step is to estimate the 
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surface albedo and classify the each satellite pixel as clear or cloudy. Once the pixel's 
nature (clear or cloudy) is determined, the clear and cloudy sky radiative transfer 
models can be applied accordingly (Gautier & Landsfeld，1997). 
In the case of clear sky conditions, the earth surface solar flux (E^^ ^ ^^ ^^ ) can be 











Where £"� is the solar constant, £ is the eccentricity correction, Z^  is solar zenith 
angle, u� i s ozone amount, u^is water vapor amount,為 is earth surface reflectivity, 
a^, Bq, and b^ are coefficients, Cj and C^ are coefficients depending on the 
type and concentration of aerosols and account for Rayleigh scattering; ( l-C^AJ 
accounts for photons that have sustained multiple surface reflections. 
In the case of cloudy sky conditions (assuming that the clouds occur in one layer), 
the earth surface solar flux (五明 c w ) can be expressed as (Gautier & Landsfeld, 
1997): 
E = E 
62,cloud eg,clear 
- A - ^ c 
\-AA_ 
(2.32) 
where A^  is cloud reflectivity, cloud absorption, and (1 -A^A^) represents the 
effect of multiple reflections between the cloud and the earth surface. 
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Figure 2.3 Schematic diagram of the method for generating the solar radiation 
maps(Janjai, et al., 2005) 
The monthly average of daily global irradiation E^ ^ is determined by (Janjai, et al. 
2005): 
五 ： e o v Y … \ � ^ ^ (2.33) 
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2.3.1.5 Janjai et al. model 
Janjai et al. (2005) developed a method based on a physical model to produce 
operational solar radiation maps from satellite data in Thailand, which relates the 
satellite-derived earth-atmospheric reflectivity from visible channel of GMS-4 and 
GMS-5 to the transmissivity of the atmosphere. Cloud reflectance in this method was 
derived from satellite data, while radiation absorbed by water vapor, ozone and 
aerosols and radiation scattered by aerosols were obtained from ground-based 
meteorological data (Janjai, et al., 2005). 
Figure 2.3 shows the scheme of Janjai et al. method. 
\ J / \ 
where £"� is monthly average of daily extraterrestrial irradiation, p^ is 
atmospheric albedo, p^ ^^  is the scattering coefficient of aerosols, pground surface 
albedo, oc�is absorption coefficient of ozone, a^ is absorption coefficient of water 
vapor, and a^ ^^  is absorption of aerosols. Above parameters can be derived from 
satellite images or from ground measurement (Janjai, et al., 2005). 
2.3.1.6 Comparison of different models 
The current models for converting satellite images into earth surface solar irradiance 
data can be still classified into statistical models and physical models. As Noia et al. 
(1993a; 1993b) pointed out, statistical models need ground measurement of solar 
irradiance to develop the algorithm using statistical method. The Heliosat algorithm 
uses actual global irradiance E^ ^ to derive the n-k^ relation; the Perez et al. model 
adopts ground truth stations measurement to obtain the relationship between and/i ； 
and Uetani model directly uses linear regression between ground measurements and 
parameters derived from satellite images. 
While physical models are less dependent to the site situation but more complicate 
which do not need the ground measurement (Noia, et al., 1993a, 1993b). Gautier et al. 
model and Janjai et al. model do not need surface solar irradiance, but they require 
the scattering and absorption process of atmospheric parameters such as ozone, water 
vapor and aerosols. 
Although statistical models and the physical models have their own advantages and 
disadvantages, they have no large difference in terms of performance. As shown in 
Table 2.1, there is no significant difference in the accuracy of the global irradiance 
compared with the true surface solar radiation data between the statistical methods 
and the physical methods. 
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Table 2.1 Accuracy of global irradiance of the satellite-based models 
Models Classification Satellite channel 
Accuracy 
References 
Temporal resolution RMSE 
Hourly 1 4 % - 3 0 % 
Heliosat-1 Statistical model Visible 
Daily 90/0-16% 
Rigollier et al. (2004) 
Monthly mean of hourly 10%- 19% 
Monthly mean of daily 70/0-10% 
Hourly 1 8 % - 4 5 % 
Heliosat-2 Statistical model Visible 
Daily 1 0 % - 2 0 % 
Rigollier et al. (2004) 
Monthly mean of hourly 8% - 29% 
Monthly mean of daily 50/0 - 24% 
15 minute 24% 
Heliosat-3 
Statistical model Visible Hourly 14% Betcke et al. (2006) 
(Operational scheme) 
Daily sum 90/0 
Monthly sum 5% 
Perez et al. old model Statistical model Visible Hourly 13-29% Perez et al (2002) 
Perez et al. new model Statistical model Visible Hourly 10-27% Perez et al (2002) 
Visible Instantaneous 41% 




Gautier et al. model Physical model Visible Hourly 30% Gautier et al. (1997) 
Janjai et al. model Physical model Visible Monthly mean of daily 6.8% Janjai et al.(2001) 
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Therefore, the applicability of statistical model and physical model depends on the 
data available. If there is no meteorological data such as information on ozone, water 
vapor and aerosols, the statistical model may be suitable. If the meteorological 
information is available, the physical model may be better due to its independence to 
site situation. 
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Figure 2.4 Mean daily global horizontal illuminance map for Europe 
(www.satel-light.com) 
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2.3.1.7 Irradiance to illuminance using luminous efficacy models 
Olseth and Skartveit (2001) converted the solar irradiance derived from 
METEOSAT data to illuminances on horizontal and vertical planes for the Satel-light 
project in Europe using the diffuse fraction model, the luminous efficacy model and 
the slope model developed by themselves (Olseth & Skartveit, 1989). Figure 2.4 
shows an example of the mean daily global horizontal illuminance map for Europe 
from Satel-light server (http://www.satel-light.com). Due to the relative high error for 
estimating hourly global irradiance, the RMSDs of the results were significant 
compared with the ground truth measurements, but the conversion per se from 
irradiance to illuminance by luminous efficacy models can work well if the error for 
predicting irradiance in the first step can be reduced as minor as possible. 
Apart from the luminous efficacy model developed by Olseth and Skartveit (Olseth 
& Skartveit, 1989), other researchers also proposed their luminous efficacy models 
which had been rigorously evaluated against the ground measured data. 
Littlefair (1985) proposed a model that combines direct, diffuse and ground 
reflected luminous efficacies to arrive at global efficacy. The model also requires 
solar altitude and horizontal diffuse irradiance ). 
火 状 + 队 + 队 （2.34) 
Here, K^ is the global luminous efficacy and K^, K^ and K^ are the direct, diffuse 
and ground reflected efficacies. R” R^and are the direct, diffuse and ground 
reflected fractions of the global solar irradiance. K^ is 86 Im/W and K^ and K^ 
are given by 
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A：^  =51.8 + 1.646/^-0.01513;^/ (2.35) 
火"=(1 - E � . d l E �名 ) + ( ‘ / � ) Koc (2.36) 
where y^  is the solar altitude in degrees, K^ ^ is the clear sky luminous efficacy 
(=144 Im W'l) and K^ is the overcast sky luminous efficacy (=115 Im W—i). 
Chung (1992) used Littlefair's approach to study luminous efficacy of daylight in 
Hong Kong. As opposed to an all sky model, Chung's approach is based on sky 
classification, which is based on the diffuse ratio. The model therefore proposes three 
different models based on clear sky, overcast and partly cloudy conditions. 
A more structured and sophisticated approach was devised by Perez et al. (1990) The 
model is given by: 
Kg = a. + Z?人.+ c丨 c o s ( 2 . 3 7 ) 
The A in equation (2.37) is known as the sky brightness coefficient and this denotes 
the optical transparency of the cloud cover. 
^ = m/E, (2.38) 
where E^ is the extraterrestrial irradiance and m is the optical air mass. 
The coefficients a., b., c. and d^ are empirical coefficients that depend on sky 
clearness, which is represented by ^ . 
^ 1 + � z / � … 
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Here E^ ^ is the normal incidence illuminance, Z^  the solar zenith angle and k^  = 
1.041 for Z^  in radians. 
Li et al. (2008) proposed luminous efficacies under the 15 CIE standard skies based 
ground measurement in Hong Kong: 
+ (2.40) 
where k^  is diffuse fraction, K^ is direct luminous efficacy defined as follows: 
A； =59.15 + 1.122^5+0.0061 厂/ (2.41) 
Kd is diffuse luminous efficacy given by Table 2.2. 
Table 2.2 Diffuse luminous efficacy K^ (Im/W) 
for 15 a E standard skies(Li, et al., 2008) 
Sky 
types 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Kd 115.4 112.0 113.9 108.9 113.6 108.6 111.0 114.7 111.1 111.5 121.9 120.3 137.3 127.0 124.8 
Li's method considers the 15 sky types that cover the whole likely spectrum of skies, 
but it is hard to apply for places where 15 sky types are not known. 
All the models discussed have a major drawback that they all require horizontal 
diffuse irradiance (or illuminance), directly or indirectly. It is a drawback because 
diffuse irradiance is not always available in some meteorological stations like Hong 
Kong observatory. 
Muneer and Kinghom (1997) proposed a simple, yet robust, model that relates global 
efficacy {K^) to the clearness index k^  that only need global irradiance to derive. 
Muneer and Kinghom (1995; 1997) have successfully applied this approach to 
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Japanese and UK sites, respectively. The latter compared this model to more 
sophisticated models, such as Perez Model, and found it second only to Perez model. 
This approach is more applicable to regions without diffuse irradiance and much 
simpler as compared to the other models. The Murieer model can be defined as 
follows(Muneer & Kinghom, 1997): 
A：^  = 1 3 6 . 6 - 7 4 . 5 4 ^ + 5 7 . 3 4 2 ^ (2.42) 
2.3.2 Satellite pixel values to illuminance (direct approaches) 
Besides the indirect approaches to estimate the illuminance data, researchers also 
have developed some direct approaches to predict the illuminance data from the 
satellite data. 
Ineichen and Perez (1999) proposed a model using a direct way to derive the 
illumiances for low solar elevation situations, which directly relates an elevation 
dependent clear sky index to the cloud index. 
()l*Gv,/(; 
Figure 2.5 Derivation of the global illuminance correlation with the cloud 
index and the sun elevation (Ineichen, 1997) 
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Compared with the measured data, this direct model gives a good result with 
respectively 31%, 37% and 69% Root Mean Squared Error (RMSE) for the global, 
diffuse and direct illuminance. 
Janjai et al. (2003) proposed a statistical model for calculating monthly hourly global 
illuminance from satellite data under tropic sky conditions in Thailand. This model 
correlates the monthly averaged hourly cloud index with the normalized monthly 
averaged hourly global illuminance that is defined as a ratio of global illuminance to 
clear sky global illuminance. 
Evg =0.9734-0.9560^7 (2.43) 
E vg,clear 
where Evg is monthly averaged hourly global illuminance, Evg，—” is the clear sky 
monthly averaged global illuminance, n is the monthly averaged cloud index. 
This model shows that the global illuminance calculated from the model agrees well 
with that obtained from the measurement, with a RMSE of 5.38 klux or 7.0 % of the 
monthly averaged hourly values (Janjai, et al., 2003). Nevertheless, this statistical 
model developed under tropic climate conditions may need to be further evaluated 
under subtropical sky conditions. 
Janjai et al. (Janjai, Tohsing, et al., 2008) also proposed a physical model to derive 
global illuminance for Thailand using hourly GMS-5 satellite data. This method is 
based on a spectral radiation budget model for the satellite band (0.55-0.99jum) 
taking into account the solar radiation being scattered, absorbed and reflected back to 
space (Figure 2.6). 
The global illuminance derived from satellite data in Janjai et al.'s physical model is 
given by: 
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Figure 2.6 Radiation budget in the satellite band 
in the earth's atmosphere(Janjai, Tohsing, et al., 2008) 
Uetani (2001) developed a statistical model to estimate the instantaneous illuminance 
using the multiple linear regression between global illuminance and beam 
illuminance respectively and albedos derived from three satellite channels' images 
under clear, fine, and cloudy sky conditions in Japan. The raw pixel values of visible 
image (VIS channel), infrared image (IRl channel) and water vapor image (IR3 
channel) are converted into albedo Ay^  , equivalent black body temperature 
andr办妒r respectively, by the calibration table attached to the each image; the 
36 
Evg,sat = T Ev (2.44) 
Where E^ is extraterrestrial horizontal illuminance, T is the atmospheric 
transmittance in the photopic band. The MBE and RMSE of monthly hourly 
illuminance are -2.6% and 8.1% respectively. 
Satellite GMS5 
SUN 
0-Pa -pa^rTi^-C^W -<^oer)P 
G )(1-心 (^-Pa -P 
albedo A^ ,^  is then normalized to the normalized albedo A^^ .^ 
+ + BJbm + B.T圓 + B, sin (2.45) 
where K, B” B” B^  and B^  are the coefficients of the regression models under 
clear, fine and cloudy sky conditions. The RMSE of global illuminance derived from 
this model is about 40%. 
However, there are few applications of using the direct approach to derive 
illuminance data in subtropical region. Therefore, new approach is needed to obtain 
daylight illuminance information to address the knowledge gap under local sky 
conditions. 
2.4 CIE standard skies 
Daylight design especially daylighting calculation depends on the luminance 
distribution of the sky. For theoretical and practical purposes, CIE has published the 
standard "Spatial distribution of daylight - CIE standard overcast sky and clear sky" 
in 1997 (CIE, 1997). 
CIE Standard overcast sky is given by: 
L l + 2s inr 
r = (2.46) 
where L is the luminance of a sky element (cd/m2 ), L^ is the zenith luminance 
(cd/m2), y^ is the solar elevation (rad). 
CIE Standard clear sky is given by: 
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L — (l-e-o—n,)(o.9i + i 0 e � + 0 . 4 5 c o s 2 J ) 
Lz 0.274(0.91+ 10它-32�+0.45 cos"力 ) 
where j is scattering angle between the sun and the sky element (rad), / is the 
elevation of a sky element (rad). 
Due to lack of local sky luminance distribution information, a lot of daylight design 
and analysis approaches are still based on CIE Standard overcast sky (Baker, et al., 
1993; Hopkinson, et al., 1966; R Tregenza & Loe, 1998). 
To meet the requirement of actual daily or seasonal daylight changes for the 
comparison of visual environments/comfort, glare or energy performance/trade-off, 
Kittler et al. (1997a; 1997b) proposed a new range of standard skies, based on 
measured data obtained by the IDMP that is a set of mathematical equations of 
fifteen alternative sky luminance distributions ranging from the heavily overcast sky 
to cloudless weather. Kittler et al. (1997a; 1997b) argued that the new equations are 
intended to be a universal basis for the classification of measured sky luminance 
distributions and they are essential in calculating sky luminance in daylighting design 
procedures. Kittler et al's proposal is now a standard adopted by the CIE (CIE S 
011/E: 2003 Spatial distribution of daylight - CIE Standard General Sky) (CIE, 2003). 
The luminance distributions are given in two functions: ^(Z) , the gradation 
function, which describes the luminance gradation between horizon and zenith; and 
/ ( Z ) , the relative scattering indicatrix, which relates sky luminance with angular 
distance from the sun. The relative luminance {L/L^) at any point in the sky is 
defined as follows: 
4 f ( z j m ( 瑪 
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where L : luminance of a sky element (cd/m2) 
Lz: zenith luminance (cd/m2) 
X: angular distance between sky element and the sun (radian) 
Z : zenith angle of sky element (radian) 
Z^: zenith angle of the sun (radian) 
The gradation function and the indicatrix function are governed by five adjustable 
parameters, which in different combinations constitute the fifteen standard luminance 
distributions. 
Professor Peter Tregenza validated the proposed standard set of sky luminance 
models by Kittler et al. (1997a) using measured sky luminance distributions from 
four stations — Singapore (1.5�N, 104°E), Fukuoka (Japan 33.5�N, 130°E), Garston 
(UK 51.7�N, 0.4�W), and Sheffield (UK53.48�N, L5°W), which represent tropical 
humid climate and temperate maritime climate. The study concludes that the error 
range of the new sky models is significantly less than when calculations are based on 
CIE Overcast Sky alone(P. R. Tregenza, 1999). 
Li et al. (2003) collected sky luminance data of Hong Kong for three years against 
the CIE Standard General Sky and proposed five best-fit sky types for Hong Kong. 
Ng et al. (2007) conducted a further research to verify the findings of Li et al.(2003) 
to define standard skies for Hong Kong under subtropical climate conditions based 
on Tregenza's method (R R. Tregenza, 1999, 2004). 'Hong Kong Representative 
Sky, (HKRS) is established based on the CIE General Sky Type definitions, which 
consists of three sky types - CIE Sky type 1, 8, 13 — representing overcast, 
intermediate and clear sky respectively could characterize sky conditions of Hong 
Kong. The HKRS allows improvements up to 40% for better prediction of daylight 
on vertical surfaces of buildings than the CIE Overcast sky. Wittkopf and Soon (2007) 
also analyzed sky luminance scans collected from Singapore IDMP station against 
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the CIE Standard General Sky to predict frequent sky patterns for a tropical climate. 
Therefore, the typical sky types under local climate conditions are needed for better 
daylight design in buildings according to above researcher's studies. However, the 
measured sky luminance data are not available anywhere. In subtropical southern 
China, the sky luminance data are only available in Hong Kong benefiting from the 
IDMP station in CUHK. As a result, a method using the limited data set such as 
meteorological data and satellite data may be needed to predict the sky conditions. 
2.5 Sky luminance distribution and sky types prediction 
using meteorological data 
Some researchers predicted sky luminance distribution and sky types using the 
meteorological data. 
Harrison and Coombes (1988) and Harrison (1991) proposed the sky luminance 
distribution model under clear, partly cloudy and overcast skies as a function of the 
opaque cloud cover: 
L (Z, Z” C) = CLl (Z, a , Z J + (1 - (Z, a , Z^) (2.49) 
Ll (Z, = 0.40 + 0.2 IZ^ + 0.27 cosZ + 1 ASe' ' ' ' ' ' (2.50) 
LI (Z, a,ZJ = (1.28 + 147e-i i � + 4.28 cos' j c o s Z J . (1 - e—o-'z-cz).(丄 一 ^ -o.67secz,) 
(2.51) 
where Z is sky element zenith angle, a is sky element azimuth angle, Z^  is 
solar zenith angle, x is angular distance between sky element and the sun and C 
is opaque cloud cover. 
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Perez et al. (1993) proposed a ALL-weather model using sky clearness based on 
horizontal diffuse irradiance and normal incident direct irradiance and sky brightness 
based on horizontal diffuse irradiance to predict the sky conditions that are classified 
into eight categories ranging from overcast sky to clear sky. The luminance of 
considered sky element L is give by: 
L = 礼 
M . A ， mz,z) cos Z)dCO 
'ky hemisphere=27r sr 
(2.52) 
Where E^ ^ is diffuse illuminance, Z is sky point zenith angle, x is scattering 
angle between sky element and the sun, co is the solid angel differential element, 
and / is relative luminance that can be defined as: 
K = / ( Z , = + « Qxp{b / cos Z)] • [1 + c exip(clz) + e cos' ；^ (2.53) 
with a, b, c, d, and e are adjustable coefficients that are functions of three isolation 
condition parameters — solar elevation, sky clearness and brightness. 
Brunger and Hooper (1993) proposed an anisotropic sky radiance model covering 
sky conditions from clear to turbid to overcast as a function of diffuse fraction k^  
(the ratio of the diffuse irradiance on a horizontal surface to the global irradiance on 
a horizontal surface) and the atmospheric clearness index k^  (the ratio of the global 
irradiance on a horizontal surface to the extraterrestrial irradiance on a horizontal 
surface). The sky radiance L^  is given by: 
的 = 瓦 “ 二 � s = r , ( 二 ) ) (2.54) ；rOo + 2<3j / 3) + , a^) 
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where a^, a^  and a^  are tabulated functions of k^ and k^  and 
is a specific function of a^  and solar zenith angle Z^. 
Baker et al. (1993) investigated the relationship between sky type and daily relative 
sunshine duration in Europe using 29 sites data. In their study, the sunshine duration 
was estimated from horizontal daily global irradiation, and five sky types were 
considered (overcast sky, intermediate overcast sky, intermediate mean sky, 
intermediate blue sky, and blue sky) (Figure 2.7). 
GEN OVA DUBLIN 
90 F(%) 90 F(%) 
1 Overcast sky, 
2 Intermediate overcast sky, 
3 Intermediate mean sky, 
4 Intermediate blue sky, 
5 Blue sky 
1 Overcast sky, 
2 Intermediate overcast sky, 
3 intermediate mean sky, 
4 Intermediate blue sky, 
5 Blue sky 
Figure 2.7 Daily probability (P) of each sky types as a function 
of daily relative sunshine duration (F) in two cities (Baker, et al., 1993) 
Kittler et al. (1997) proposed a ratio of zenith luminance to diffuse horizontal 
illuminance representing 15 sky types. The measured zenith luminance to diffuse 
horizontal illuminance ration is compared to the predefined standards for identifying 
the best-fit sky type. However, Kittler et al. (1997) argued that the ratio of zenith 
luminance to diffuse horizontal illuminance can differentiate sky types very well 
only at low solar altitudes (below 30° ) (Figure 2.8 and Figure 2.9). In subtropical 
Hong Kong, a high solar altitude is very common and it can reach up to 90 ° at noon 
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Figure 2.9 The curves of the ratio of zenith luminance to diffuse horizontal 
illuminance of the 15 General Sky Standard represent their 
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Figure 2.8 Dependence of ratio of zenith luminance to diffuse horizontal 
illuminance on solar altitude in three turbidity ranges(Kittler & Damla, 1997) 
O J 
O J 
especially in the summer. Therefore, the ratio of zenith luminance to diffuse 
horizontal illuminance method may not be applicable for Hong Kong and other 
subtropical regions to classify the sky types in most time of the year. 
> 0 3 
dependence on the actual solar altitude (Kittler & Darula, 2002) 
Li et al. (2001; 2004) analyzed the relationship between the three sky conditions 
including overcast, partly cloudy and clear and the some climatic parameters such as 
cloud cover, sunshine hour, clearness index, and diffuse fraction in Hong Kong 
(Table 2.3). It was found that each parameter has its own advantages in indicating 
different sky conditions. 
Table 2.3 Summary of sky conditions classification 
for Hong Kong(Li & Lam, 2001) 
Clear Partly cloudy Overcast 
Cloud cover 0 Oktas 1-7 Oktas 8 Oktas 




k 二 EJEe less than 0.27 
0.27 - less than 
0.98 
0.98-0.1 
Igawa et al.(2004; 2001) proposed an "All Sky Model-L" that explains continuously 
all sky conditions which fluctuate from clear sky to overcast sky. The sky luminance 
distribution can be defined as follows: 
( p i Y s ) ' f { Z ) 
(p{KlT)-f{nll-Y,) 
(2.55) 
The zenith luminance L， is defined as follows: 
fidl cln 
I=(/乂厂，广 • sin Y. cos y-dy-da 
(2.56) 
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where the scattering indicatrix function f (；^) is defined as follows: 
f(Z) = 1 + c[exip(d. z) 一 exp(^/-7r/2)] + e- c o s � j 
and graduation function < p ( y ) is defined as follows: 
<p(y) = 1 + a • exp(Z7 / sin y) 
(2.58) 
(2.59) 
with coefficients a, b, c, d and e that are function of the so-called sky index. The sky 
index is a function of global horizontal irradiance and diffuse horizontal irradiance. 
Ng et al. (2007) developed a method to predict daylight availability dynamically 
based on forecasts of weather observatory. For example: if the forecast from Hong 
Kong Observatory (HKO) is Fine with Haze, then HKRS = 0.05(Sky 1) + 0.12 (Sky 
8)+ 0.36 (Sky 13) (Table 2.4). 
This method demonstrated to be a reliable means to estimate probabilities of the sky 
types at a particular moment; using this information, a better prediction of Vertical 
Sky Component (VSC) on building surfaces for better daylight design could be 
achieved (E. Ng, et al., 2007). 
Darula and Kittler (2008) proposed a method to predict the occurrence of CIE 
general standard skies based on the relative half-day sunshine duration. This method 
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classifies four basic half-day situations, and then proposes the prevail ing sky types 
(Table 2.5) under the four situations based on 10-year measurements in Bratislava 
I D M P general station. 
Table 2.4 Sky type probabilities associated w i th H K O I Fine 
(E. Ng, et al., 2007) 
H K O l 
Fine S k y l Sky 8 Sky 13 
Number of 
Observations 
Only 0.08 0.46 0.46 1862 
Cloudy 0.03 0.53 0.43 120 
Fog 0.23 0.77 0 13 
HKO II Haze 0.05 0.59 0.36 1174 
Isolated Showers 0.19 0.47 0.35 397 
Mist 0.09 0.68 0.23 141 
Showers 0.12 0.42 0.46 152 
Overall 0.07 0.52 0.41 3859 
Table 2.5 Prevailing sky types under four half-day 
Situations (Darula & Kitt ler, 2008) 
Descriptions o f situations 
Prevailing CIE Standard 
General Sky types 
Situation 1: Absolutely cloudless clear 
half-days 
Sky type 12 (October to March) 
Sky type 11 or 13 (May to September) 
Situation 2: cloudy half-days Sky type 3 or 5 
Situation 3: Dark overcast half-days Sky types 1-3 
Situation 4: Dynamic Sky types 11-13 
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Table 2.6 Comparison o f meteorological data needed 
in different approaches for predicting sky types 
Author(s) Meteorological parameters needed 
Harrison and Coombes (1988) and 
Harrison (1991) 
Opaque cloud cover 
Perez et al. (1993) 
Diffuse horizontal irradiance, 
Direct irradiance, 
Diffuse horizontal i l luminance 
Brunger and Hooper (1993) 
Global horizontal irradiance, 
Diffuse horizontal irradiance, 
Baker et al. (1993) Global horizontal irradiance 
Kit t ler et al. (1997) 
Zenith luminance, 
Diffuse horizontal i l luminance 
L i et al. (2001; 2004) 
Cloud cover, or 
Global horizontal irradiance, or 
Diffuse horizontal irradiance 
Igawa et al.(2004; 2001) 
Global horizontal irradiance, 
Diffuse horizontal irradiance, 
Diffuse horizontal i l luminance 
Ng et al. (2007) 
Hong Kong observatory weather 
forecast 
Damla and Kit t ler (2008) Direct irradiance 
Above researches demonstrate that the meteorological data can be a feasible and 
practical approach to predict the sky types. Table 2.6 shows the comparison o f 
different approaches to predict the sky types. In addition, the meteorological data 
including solar irradiance and il luminance can be estimated using the satellite data 
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according to the applications worldwide under their own sky conditions. Therefore, 
satellite-based method to predict the sky types could be a reasonable approach for 
subtropical region, especially for the places where ground measurements are not 
necessarily available. 
2.6 Sky types and sky luminance distribution prediction 
using satellite images 
The European Database o f Daylight and Solar Radiation - Satel-Light funded by the 
European Union was the first operational large scale application o f providing 
daylight data derived f rom satellite images. It characterizes the type o f sky as clear, 
intermediate or overcast. The identif ication o f sky type is based on the value o f the 
cloud index n derived f rom a pixel-count o f the satellite image giving a spatial 
resolution o f about 1 km. The sky-type classification is as fol lows 
(http://www.satel-light.com): 
1) A cloudy (overcast) sky corresponds to a cloud index larger than 0.6. 
2) A n intermediate (partly cloudy) sky corresponds to a cloud index larger than 
0.15 and smaller than 0.6. 
3) A sunny (clear) sky corresponds to a cloud index smaller than 0.15. 
Ineichen (2005) attempted to predict the real sky distribution wi th 41 x 41 pixels 
satellite images (2.5 x 2.5km spatial resolution) in Geneva. Ten-week sky scans were 
compared w i th the extracted f ield f rom the satellite image (Figure 2.10), but the 
results were disappointing due to the small quantity data and input parameters such 
as cloud information. Therefore, Ineichen (2005) concluded that using irradiance 
and/or i l luminance data to predict the sky luminance distribution can sti l l give the 
best result. 
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Figure 2.10 Geometry o f the sky vault measurements elevations 
for cloud altitude at 3000m over the measurement station (Ineichen, 2005) 
For Hong Kong situation, almost two-year sky scans are available f rom June 2003 to 
May 2005 but spatial resolution o f GOE-9 satellite data (about 1 0 x 1 0 km) is much 
lower than that in Ineichen's study. It is d i f f icul t to further investigate Ineichen's 
method in the present context to predict the sky luminance distribution using 
mult iple satellite pixels. 
Janjai et al. (2008) proposed a method to classify sky conditions based on the 
satellite-derived earth-atmosphere reflectivity. This method divides the 
earth-atmospheric reflectivity derived f rom satellite data into four categories 
corresponding to four sky conditions: 0 . 0 5 ^ < 0 . 1 5 , 0 . 1 5 ^ 0 . 2 5 ^ 
and 0.35</?’五乂 <0.45. Based on the four earth-atmosphere reflectivities, 
this method predicts the luminance o f the sky dome under four sky conditions. The 
work o f Janjai et al. (2008) represented a significant step towards predicting the sky 
luminance from single pixel o f satellite data. However, the proposed method can 




coetTicients from the mult iple linear regression under their own satellite and climate 
condition describing the sky luminance distribution may not be applicable for other 
conditions using different satellites and wi th different climates. 
Therefore, this study w i l l try to use satellite data to predict sky types under 
subtropical climate condition instead o f sky luminance distribution. The sky type 
classification w i l l be based on CEE Standard General Sky. Therefore, once we know 
the sky types for a specific period, we can easily obtain the relative luminance o f any 
sky patch from the standard equation o f CIE Standard General Sky (equation 2.48). 
Figure 2.11 Yearly average il luminance map for China (GB/T500033-2001) 
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2.7 The needs for deriving daylight data from satellite 
images in Subtropical southern China 
Currently dayl ight data is insufficient for eff icient daylight-integrated buildings in 
southern China. There is only one I D M P station to collect i l luminance and sky 
luminance data in Hong Kong. A n d only few b ig cities have meteorological stations 
to measure solar irradiance that can be converted to i l luminance using a luminous 
efficacy model. For most other places in southern China, the only available daylight 
data is the yearly average i l luminance f rom China standard (Figure 2.11), which is 
far f rom enough for good daylight design o f buildings, because in daylight design 
extreme and short period data are more suitable w i th emphasis on skylight and sky 
luminance distributions (Ki t t ler & Danda，2000). As daylight measurement 
instruments especially sky scanner are costly and require ski l led people for 
maintenance, i t is hard to set up a dense network o f ground stations to measure the 
daylight data to meet the requirement for better daylight design in subtropical 
southern China under current economical condition. Therefore, Satellite-based 
methods can provide an economical approach to extend l imited ground 
measurements spatially by mapping the i l luminance data for a large region according 
to international applications in other places for predicting global irradiance and 
i l luminance f rom satellite images. 
As discussed above, several researches have developed some models to predict solar 
irradiance data and daylight data. However, most o f the investigations have been 
done in Europe and Nor th American. The solar irradiance and i l luminance have a 
strong relationship w i th the local climate conditions. Therefore, it is necessary to 
investigate the performance o f satellite-based methods to predict solar irradiance data 
and daylight data under local climate conditions. 
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CIE division 3 (Interior Environment and Light ing Design) has created a Technical 
Committee, TC 3-36: Use o f Satellite Images to Derive Daylight Data. The aim o f 
the TC is "to assess the techniques used to derive the global, the direct and the 
difilise horizontal illuminances from the images provided by the current generation 
o f satellites, to work towards defining a standard procedure, which could be used to 
provide these quantities for any part o f the world’，(CIE, 1991-2007). Algorithms 
derived in different places under different climate conditions may contribute to the 
definition o f standard procedure o f TC 3-36. 
Therefore, it is necessary to derive daylight data using satellite images in subtropical 
southern China for filling the gap o f insufficient daylight data and investigating the 
performance o f satellite-based algorithms under local climate conditions. In addition, 
the IDMP station in Hong Kong that had operated from 2001 to 2005 can provide 
quality solar radiation and daylight data to conduct a pi lot study o f deriving daylight 
data from satellite images for subtropical south China. 
2.8 General climate information of Hong Kong 
This study is based on the data collected in Hong Kong to investigate the feasibility 
and performance o f satellite-based methods to predict daylight data under subtropical 
condition. Hong Kong is situated along the southern coast o f China within the 
subtropical region wi th latitude 22"" 21' N and longitude 114° 21, E. It is tending 
towards temperate for nearly half the year, but hot and humid with occasional 
showers and thunderstorms in summer. A t times, the typhoon strikes Hong Kong and 
brings heavy rain and strong winds. The monthly air temperature is about 16-29。C 
with a yearly temperature o f 23.1。C (Figure 2.12). Figure 2.13 to 2.15 show the 
monthly cloudy amount, bright sunshine and daily global radiation respectively. 
Most o f the year, Hong Kong has more than 50% cloudy amount (Figure 2.13). That 
means the prevailing sky conditions in Hong Kong are overcast and partly cloudy. 
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Figure 2.13 Month ly cloudy amount (%) recorded at the observatory between 1971 
2000 ( H K O ) 
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Figure 2.12 Month ly air temperature recorded at the observatory between 1971 
2000 ( H K O ) 
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Figure 2.15 Month ly dai ly global solar radiation recorded at the observatory 
between 1971- 2000 ( H K O ) 
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Figure 2.14 Mon th l y percentage o f bright sunshine recorded at the observatory 
between 1971- 2000 ( H K O ) 
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Chapter 3 
USING SATELLITE-BASED METHODS TO 
PREDICT DAYLIGHT ILLUMINANCE 
3.1 Introduction 
Light ing costs a lot o f wor ld energy. Wel l daylight design is o f great importance for 
energy saving as we l l as better work efficiency. Accurate global i l luminance data 
w i th a high temporal and spatial resolution is an essential input for the potential 
assessment, design, planning and performance monitor ing o f daylight integrated 
systems in buildings. Avai labi l i ty o f these data is therefore o f strategic importance 
for the applications o f daylighting design. 
There may be several approaches to obtain global i l luminance data. Traditionally, 
global i l luminance can be observed by the means o f networks o f ground stations 
making use o f Luxmeters. However, due to high costs, only a few instruments can be 
practically employed. Wi th the development o f remote sensing technology in these 
years, one alternative solution to extend the l imited data set is to derive global 
i l luminance using geostationary satellite images. In comparison wi th the traditional 
way, the satellite-based method can retrieve global i l luminance data wi th an almost 
continuous spatial coverage that cannot be achieved by ground networks for 
economical reasons. 
Satellite-based methods to predict daylight i l luminance have two ways: the indirect 
approach and the direct approach. In indirect approach, the solar irradiance is first 
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derived f rom the satellite images (H. G. Beyer, et al.，1996; Cano, et al., 1986; 
Diabate, et al., 1988; Diabate, et al., 1989; Gautier & Landsfdd, 1997; Hammer, et 
al., 2003; Hay, 1993a，1993b; Ineichen & Perez，1999; Janjai, et al., 2005; Lefevre, et 
al., 2007; Martins, et al., 2007; R. Perez, et al., 2002; R. Perez, et al., 1994; R. Perez, 
et al., 1997; Pinker & Laszlo, 1992; Christelle Rigoll ier, et al., 2000; C. Rigoll ier, et 
al., 2004; Schmetz, 1989; Zelenka, et al., 1999), and then the irradiance can be 
converted to i l luminance using luminous efficacy models (Chung, 1992; L i , et al., 
2008; P. Litt lefair, 1985; Muneer, et al., 2004; Olseth & Skartveit, 1989; Richard 
Perez, et al., 1990), wh ich is applicable to the case that i l luminance data is not 
available f rom the ground measurements. Whi le the direct approach derives the 
i l luminance by correlating the satellite data to the i l luminance data collected f rom the 
ground stations, wh ich is good for the case that ground measurements have the 
i l luminance data. This chapter predicts the i l luminance in above two ways taking into 
account the avai labi l i ty o f different ground data, and then investigates the 
performance o f the two ways in term o f the accuracy o f the models. 
The satellite-data-to-irradiance procedures in indirect methods have two kinds o f 
approaches: statistical model and physical model (Noia, et al., 1993a, 1993b). This 
chapter w i l l adopt a statistical model to first generate the irradiance based on two 
reasons: 1) their is no signif icant difference in the accuracy o f the global irradiance 
compared w i th the true surface solar radiation data between the statistical methods 
and the physical methods (Table 2.1); 2) meteorological data such as information on 
ozone, water vapor and aerosols are not available in this study, which are essential 
for physical models. Likewise, for the direct way to derive the i l luminance, this 
chapter also uses a statistical method. 
3.2 Data 
Since a statistical model is adopted to generate the irradiance and i l luminance data 
f rom the satellite images in this study. Therefore, two kinds o f data are needed, that is. 
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global irradiance and il luminance f rom ground station and satellite data respectively. 
For ground measurements, global irradiance and il luminance collected every ten 
minutes from the International Dayl ight Moni tor ing Programme ( IDMP) research 
class station in The Chinese University o f Hong Kong from June 2003 to May 2005 
were used. The CIE I D M P measuring station is located on the top o f the New Asia 
College water tower in the Chinese University o f Hong Kong. The water tower itself 
is 30m above ground level and it is located on a hi l l top which is approximately 150m 
above sea level. The latitude and longitude o f the station are 22.25°N and 114.12°E 
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Figure 3.1 Location o f I D M P station in the Chinese University o f Hong Kong 
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Figure 3.2 Set up o f the C U H K I D M P station 
Figure 3.3 Instrument measuring global horizontal irradiancc 
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Figure 3.4 Instrument measuring global horizontal illuminance 
Global horizontal irradiance {E^^) and global horizontal il luminance (£"叹）were 
measured by Pyranometer MS-64 (Figure 3.3) and Luxmeter ML-020S- I /0 (Figure 
3.4) respectively under quality control procedure based on CIE Guide to Daylight 
Measurement (CIE, 1994). 
For satellite data, the visible channel data o f Geostationary Operational 
Environmental Satellite (G0ES)-9 in the same period as ground measurement from 
June 2003 to May 2005 was used in this study. Figure 3.5 shows a visible channel 
image o f GOES-9 on 2 June, 2004. The GOES-9 located at longitude 155 degrees 
east took one or two pictures in one hour over the Asia-Pacific Region. The spatial 
resolution o f GOES-9 for southern China is about 10 km. the position o f IDMP 
station in The Chinese university o f Hong Kong does not exactly match any o f the 
pixel o f the satellite images. This study bases the analysis on the 2 X 2 pixels average 
containing the IDMP station (Figure 3.6). The four pixels were extracted from all the 
images from June 2003 to May 2005 to form a time serials array corresponding to the 
ground measurement (Figure 3.7). 
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Figure 3.5 A vis ib le channel image o f GOES-9 cover ing China 
at 10 :25(HKT) on 2 June, 2004 
Figure 3.6 The 2 X 2 pixels containing the I D M P station i l lustrated by Google map 
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Figure 3.7 An example o f one pixel (22.393。N, 114.185。E) 
of satellite raw data in time serials 
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The quality control procedure for the satellite data was conducted by the fol lowing 
criteria: 
• the solar altitude beyond 
• the raw satellite digital counts are not equal to 0 and 255 when Ys〉4° 
fi^^^fig^^fl^ Eiqps^I - % 22 3梦3》tidt ^ 
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347. M i 
Ground-measured global 
irradiance: Eeg 
Clear sky global irradiance: 
Eeg,clear GOES-9 visibal channel data 
Clear sky index: 
kc = Eeg / Eeg,clear 
Cloud index: 
n = (Csat-Cmin) / (Cmax-Cmin) 




Satellite-derived global irradiance: 
Eeg,sat = kc * Eeg,clear 
Satellite-derived global i l luminance: 
Evg,sat = K G * Eeg,sat 
Figure 3.8 Overview o f the algorithms for the derivation 
o f global i l luminance from satellite data: indirect approach 
3.3 Methodology 
The general idea o f the method in this study for the estimation o f daylight 
i l luminance f rom satellite images is to relate the cloud index derived from satellite 
images to the clear sky index/il luminance clear sky index. In the first step a cloud 
index is derived f rom GOES-9 visible channel data to take into account the 
interaction o f direct solar radiation wi th the clouds. In a second step the clear sky 
index and il luminance clear sky index are calculated based on the ground-measured 
global horizontal irradiance and global horizontal i l luminance for indirect way and 
direct way respectively. Finally, the cloud index is correlated to the clear sky index 
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and il luminance clear sky index for model derivation. Figure 3.8 and Figure 3.9 give 
an overview o f the algorithms to calculate the global i l luminance by indirect 
approach and direct approach respectively. Details o f the algorithms are described in 
the fo l lowing sections. 
Ground-measured global 
i l luminance: Evg 
Clear sky global il luminance: 
Evg,clear 
GOES-9 visibal channel data 
Il luminance clear sky index: 
kvc 二 Evg / Evg,clear 
Cloud index: 
n = (Csat-Cmin) / (Cmax-Cmin] 




Satellite-derived global i l luminance: 
Evg,sat 二 kvc * Evg,clear 
Figure 3.9 Overview o f the algorithms for the derivation 
o f global i l luminance from satellite data: direct approach 
3.3.1 Satellite pixel value to cloud index 
Figure 3.10 shows an example o f the raw values o f one pixel ( 2 2 3 9 ^ N, 114.185° E) 
chosen for this study f rom June 2003 to May 2005. The gray-scale values o f GOES-9 
visible channel values range between 0-255 representing black to white. White pixels 
indicate this point being covered by clouds that reflect more solar radiation, whi le 
dark pixels represent less or no clouds covering this point where solar radiation can 
reach the ground. This may be not true in some northern places i f the ground is 
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Jun 2003 Sep 2003 Feb 2004 May 2004 Sep 2004 Jan 2005 Jul 2005 
Date 
Figure 3.10 Satellite raw pixel values f rom June 2003 
to May 2005 at 22.393。N, 114.185" E 
When plott ing the satellite raw pixel values against solar elevation (Figure 3.11), it is 
found that there is a distortion o f the upper part o f the pixel values wi th the 
decreasing o f the solar elevation. Therefore, raw pixel values were first corrected for 
geometric sun-earth distance and for solar incidcncc as fol lows (Zclcnka, ct al., 
1999): 
二 ^ ^ (3.1) 
£ COS Z 
where C如 is normalized satellite values, C讀 is raw pixel values, r is (he 
(A 
covered by snow. However, the scope o f (his study is based on subtropical climate. 
The snow is rare under the subtropical climate cspccially in Hong Kong and adjacent 
region. Therefore, the assumption that the albedo o f a cloudy atmosphere is usually 
larger than the albedo o f the earth surface is acccptablc for this study. 
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Figure 3.11 Satellite raw pixel values versus solar elevation 
When plott ing all normalized pixel values versus solar elevation, the normalized 
satellite values increase as the solar elevation decrease especially lower than 20。 
(Figure 3.12). Figure 3.13 displays the same normalized pixel values versus 
sun-to-satellite angle. There is no evidence for any dependency of C如 on this 
sun/satellite angle but there are some scattering data on some angles. There two 
effects in Figure 3.12 and Figure 3.13 are so-called air mass effect and 
back-scattering effect (Zelenka, et al., 1999). In this study a simple method was 
conducted to correct these two effects to derive cloud index based on Ineichen's 
method (Ineichen & Perez, 1999). The solar elevation abscissa was divided into 30 
bins to derive the upper and lower boundaries o f the normalized pixels. Extreme 1% 
highest and 1% lowest values were rejected as noise value in each bin, then the 
highest 10% and lowest 10% points were averaged as the upper boundary and lower 
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Figure 3.12 Normal ized satellite values versus solar elevation 
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boundary respectively in each b in (Figure 3.14). For back-scattering effect, the 
sun/satellite angle abscissa was div ided into 30 bins to derive the upper boundary and 
lower boundary in the same way (Figure 3.15). Finally, the two upper boundaries and 
two lower boundaries taking into account air mass effect and back-scattering effect 
respectively were averaged to obtain the f inal upper boundary and lower boundary 
that are corresponding to the C^^^ and C^-^ respectively in equation (3.2). The 
cloud index ( n ) or ig inal ly proposed by Cano et al (1986) was then determined as 
fol lows: 
C -C 
n = ——min_ (3.2) 
c -C 
max min 
where , and C^^ are normalized values o f m in imum and max imum satellite 
values. 
々 
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Figure 3.14 Upper and lower boundaries in each b in 
o f normalized p ixe l versus solar elevation 
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Figure 3.16 Hourly cloud index versus solar elevation 
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Figure 3.15 Upper and lower boundaries in each bin 
o f normalized pixel versus sun-to-satellite angle 
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Figures • 17 Hour ly cloud index versus sun-to-satellite angle 
After the correction o f air mass effect and back-scattering effect, the cloud indices 
derived f rom four satellite pixels surrounding the I D M P station then were averaged 
to hourly data for further analysis. As shown in Figure 3.16 and Figure 3.17, the 
hourly cloud indices are independent on the solar elevation and sun-to-satellite angle. 
3.3.2 Cloud index to global illuminance: indirect approach 
3.3.2.1 Cloud index to global irradiance 
1) Clear sky index 
The clear sky index is defined as: 
(3.3) 
eg,dear 
where 五呀 is hourly global horizontal irradiance measured in ground station(W/m^). 






























 « • 一
 •
 *
 J c •
 •
 • 
: ” . . . ， r “
 ： ： 及 ，
MS0
 
： 、 . 入 § 漆 2 % 3 譲 ， . 
蒙 靈 • 
• .
 . .
 . • ’ . ： ， . . > • . ) ％ • ! • : 
L _
















 F m o l o 
n o 
0 10 20 30 40 50 60 70 80 90 
Solar elevation (degree) 
Figure 3.18 Clear sky index calculated by Heliosat-1 model versus solar elevation 
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irradiance£*伐 . Besides the models adopted by Heliosat-1 (equation 2.9) and Perez 
et al (equation 2.27), Igawa et al. (2004) proposed a standard clear sky global 
irradiance as fol lows: 
E— OME eO ,clear 
m • exp(-0.0675. m) 
(3.4) 
where E^^ is solar constant, 1367 W/m^, m is air mass calculated by the 
expression introduced by Kasten & Young (1989): 
m = z/1000 
cos Z^ + 0.50572(96.07995 - Z )" 
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Figure 3.20 Clear sky index calculated by Igawa et al. model versus solar elevation 
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Figure 3.21 Clear sky index versus cloud index 
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In this study, the A;, was calculated by equation 2.9, equation 2.27 and equation 3.4 
used by Heliosat-l (Hammer, ct al., 2003), Perez ct al (R. Perez, ct al., 2002) and 
Igawa et al. (Igawa, et al., 2004) rcspcctivcIy to assess which one is the best for 
subtropical Hong Kong. When plotting dear sky indiccs k^ calculated by the above 
mentioned three models (Figure 3.18-3.20), the clear sky indiccs o f all the solar 
altitude are almost in the range from 0-1 for Heliosat-l model and Perez et al model 
and 0-0.8 for Igawa et al. model respectively. There are some variations when solar 
elevation is less than 10° , but the clear sky indices calculated by the model 
proposed by Igawa et al. (2004) have min imum variations. Therefore the clear sky 
index proposed by Igawa et al. (2004) can be used as the index for subtropical Hong 
Kong without solar elevation dependency to correlate to the cloud index. 
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2) n-kc relation 
Both Heliosat model and Perez et al. model, which are two most popular statistical 
models currently, use a n -k^ relation (i.e. the relationship between clear sky index 
and the cloud index) to derive the algorithms (Hammer, et al., 2003; R. Perez, et al., 
2002). This study also adopted the n -k^ relation for model derivation to predict the 
global irradiance for subtropical Hong Kong under local climate and satellite 
conditions. The scatter plot (Figure 3.21) shows the relationship between clear sky 
index and cloud index, which is almost a linear relationship. In the regression 
procedure, solar altitude y^  was used as an additional independent variable to 
optimize the algorithm. 
The new algorithm proposed is then: 
众c = 0.551 -0.458w + 0.622sin 厂 + 0.357^' - \ . 5 5 5 n . s i n 厂；-0.119sin' y^ 
, . ， (3.6) 
-0 .006"3 -0 .154«2 .s in 厂 +1.233" .s in ' y^  -0 .325s in ' y^  
The Adjusted R^ is 0.634. 
3) Global horizontal irradiance E^^ 加 
The global horizontal irradiance E^^ 卯，is then calculated by: 
^eg,sat - ^c Egg. clear (3.7) 
3.3.2.2 Global irradiance to global illuminance 
The satellite-derived global horizontal illuminance can be converted to global 
horizontal illuminance by using a global luminous efficacy (AT^) model. In simple 
terms, the global luminous efficacy o f daylight is defined as the ratio o f global 
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horizontal i l luminance (E^^) to global horizontal irradiance (五頃). 
G Eeg 








where V{A) is the value o f CIE photopic sensitivity o f the human eye and E^ (A) 
is the total solar irradiance at wavelength X . The integration is between the l imits 
380 nm and 780 nm as a human eye can only sense the radiant energy spectrum in 
that region. 
Researches proposed different global luminous efficacy models (Chung, 1992; L i , et 
al., 2008; R Litt lefair, 1985; Muneer & Kinghom, 1997; Olseth & Skartveit, 1989; 
Richard Perez, et al., 1990). These models need different meteorological parameters 
or sky conditions. Among these models, Muneer-Kinghom model (Muneer & 
Kinghom, 1997) only need global horizontal irradiance that is one o f the most 
common meteorological parameters measured in ground stations. As global 
horizontal irradiance is also the only input parameter for satellite-based model to 
derive global irradiance, this study adopted Muneer-Kinghom model to convert 
satellite-derived global horizontal irradiance to global horizontal il luminance. Ng et 
al. (2005) assessed Muneer-Kinghom model and other models based on the ground 
measurement o f IDMP station in C U H K , and concluded that Muneer-Kinghom 
model provide the best approach to convert global irradiance to global i l luminance 
for Hong Kong when only global horizontal irradiance is available. 
Muneer-Kinghom luminous efficacy model is defined as: 
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A：。二 136.6 - 74.54\k, + 57.3421/c, (3.10) 
where k^  is clearness index, the ratio o f the global horizontal irradiance to the 
extraterrestrial horizontal irradiance. 
Then the global i l luminance predicted f rom the indirect way is calculated as fol lows: 
^vg,sat 二 Kg • Eeg,sat (3.11) 
3.3.3 Cloud index to global illuminance: direct approach 
By using the indirect approach, global i l luminance can be converted f rom 
satellite-derived global irradiance through a luminous efficacy model. However, 
there is a drawback to convert global irradiance to global i l luminance by a luminous 
efficacy model because the transformation results in difference and inaccuracy due to 
luminous efficacies affected by solar elevation, cloudiness and human vision bias 
(Kit t ler & Danda, 2000). 
The n - k^ relation has been proved a good statistical approach to derive the global 
irradiance according to international applications. Likewise, the il luminance clear 
sky index introduced by Kit t ler & Danda (2000) could be also correlated to cloud 
index to derive the global i l luminance directly since clear sky index and il luminance 
clear sky index have same principle. 
1) I l luminance clear sky index "比 




The hourly clear sky global illuminance 五叹—广 is obtained from 
^vg,clear ~ ^vd,clear + ^vs,clear ^^^ 7s (3.13) 
where is the clear sky diffuse illuminance, is the clear sky direct 
illuminance, and the y^  is the solar elevation. 
The diffuse illuminance is calculated by the CIE model (lES, 1984): 
五 一 =0.8 + 1 5 . 5 7 ^ (3.14) 
where y^  is the solar elevation. 
The direct illuminance is calculated using the model proposed by Navvab et al. 
(Navvab, et al., 1984): 
哪(-civRmT丨丨、 
where E^ is the extraterrestrial illuminance (lux), m is the relative optical air mass, 
T], is the illuminance turbidity factor. 
The extra-terrestrial illuminance E^ is given by(IES, 1984): 
= n 3 . 8 [ l + 0.034cos(2 对 " ^ - 2 ) ) ] (3.15) 
365 
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wi th J is the day number o f the year. 




The il luminance turbidity factor J]! is proposed by Page et al. in 1982(R R. 
Tregenza, 1995): 
7； = 0 . 7 8 6 8 + 0 .12652 r i+0 .08666 r / (3.17) 
w i th the Linke turbidity T^ given by the monthly average (Table 3.1). 
Table 3.1 Month ly averages o f Linke turbidity factor proposed 
by L i et al. for Hong Kong(L i & Lam, 2002) 
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Figure 3.22 Cloud index versus il luminance clear sky index 
2) n-kvc relation 
Figure 3.22 displays the hourly average cloud index {n) versus il luminance clear sky 
index A:叱 .Like the n - k ^ relation, there is a linear relation between these two 
parameters though some points are scattered. These scattered data could be due to 
the low temporal resolution o f the satellite data: only one or two values representing 
hourly average might cause large error under the humid subtropical climate wi th 
frequent broken cloud pattern. 
The n -於叱 relation proposed is then as fol lows: 
Kc = 1.452-0.794« + 0.097«3 -1 .836s in 厂;+ 2.286sin' Ys — 1 -032sin'}^乂3.18) 
The Adjusted r 2 is 0.51. 
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where 广 is the solar altitude that was used as an additional independent variable to 
optimize the algorithm. 
3) Global horizontal i l luminance E 
vg,sat 
The global horizontal i l luminance E^^ 如 is then calculated by 
^vg,sat - Kc . ^vg,clear (3.19) 
3.4 Models precision and results 
The hourly calculated global irradiance and global i l luminance were compared to 
assess the accuracy o f the models in terms o f Mean Bias Error (MBE) and Root 
Mean Squared Error (RMSE): 
Mbe -义以timated value - observed value) 
Number of observations 
RMSE 二 lL{estimated value - obseverved value)' 
Number of observations 
MBE 
%MBE = X100% 
Mean of measured values 
%RMSE = ^ ^ ^ X100% 





3.4.1 Irradiance model precision 
The first step o f the indirect approach in this study is to derive the global irradiancc. 
Figure 3.23 shows the ground-measured irradiances versus the satellite-derived 
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Figure 3.23 Comparison between hour ly i l luminance obtained f rom the 
measurement and that calculated f rom the model 
Table 3.2 Mean bias error ( M B E ) and root mean 
squared error (RMSE) o f the irradiance model 
M B E o/oMBE R M S E o/oRMSE 
Proposed model -3 -1 120 33 
3.4.2 Illuminance models precision 
The second step o f the indirect approach in this study is to convert the 
satellite-derived global irradiance to global i l luminance. The direct approach in this 
study is to derive the global i l luminance directly f rom the n - k^^ relation. Global 
horizontal i l luminances derived f rom two approaches were compared. Figure 3.24 
and 3.25 show the ground-measured irradiances versus the satellite-derived global 
irradiances in two approaches respectively, Figure 3.26 shows the comparison o f 
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Figure 3.24 Estimated global i l luminance versus 
measured global i l luminance: indirect approach 
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Figure 3.25 Estimated global il luminance versus 
measured global i l luminance: direct approach 
81 
approach, and Table 3.3 gives the M B E and RMSE. 
(xnpj)①oueu!UJnll!
 l e q o l s














( x n l > l )
 e o u e u j u u n l l 一
 - e q o l 6
 F l e J u j p e J d I e l E e l e s 
Satellite-predicted global illuminance by direct approach (klux) 
Figure 3.26 Comparison o f satellite-derived global i l luminance 
estimated f rom indirect approach and direct approach 
Table 3.3 Mean bias error (MBE) and root mean squared error (RMSE) o f the 
values o f the estimated hourly global i l luminance and measured hourly global 
i l luminance 
Approaches M B E (k lux) o/oMBE R M S E (klux) o/oRMSE 
indirect -1 3 16 35 
direct 0.03 0 14 31 
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Figure 3.27 Comparison o f cloud index and sky types on 28 June 2004 
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Figure 3.28 Comparison o f ground-measure global il luminance 
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Figure 3.27 shows the hourly cloud index and real sky types throughout the whole 
day on 28 June 2004. From 10:00 to 11:00 and from 11:00 to 12:00, the sky 
conditions are relatively stable. Corresponding to the comparison o f global 
i l luminance in Figure 3.28, at 11:00 and 12:00 the hourly ground-measure global 
i l luminance and satellite-derived global i l luminance match wel l . Dur ing 12:00 to 
15:00, the sky types vary signif icantly, but the hourly cloud indices during the same 
period averaged f rom satellite images in half-hour temporal resolution can not 
represent the variation o f sky conditions (Figure 3.27). Therefore, as shown in Figure 
3.28，during 12:00 to 15:00 there is a significant bias between the hour ly 
ground-measure global i l luminance and satellite-derived global i l luminance. Hong 
Kong has a humid subtropical cl imate w i th changeable sky conditions. The low 
temporal resolution o f satellite data is a drawback to predict solar irradiance and 
daylight i l luminance accurately. However, under the current condit ion o f insufficient 
ground measurement, satellite-based model is st i l l an effective approach to map the 
solar irradiance and daylight i l luminance for general use. 
From Figures 3.24-3.28 and Table3.3, the fo l lowing conclusions can be drawn: 
• Both indirect approach and direct approach can predict global horizontal 
i l luminance f rom geostationary satellite visible data under subtropical climate 
condition. 
• The direct approach has better results than the indirect approach to derive the 
global i l luminance in terms o f M B E and RMSE. 
• The RMSE o f hourly i l luminance is 31% that is comparable to the result 
presented by Ineichen & Perez (1999) who obtained R M S E 31% in Geneva 
using a statistical model based on METEOSAT. 
• The RMSE o f 35% and 31% for the hourly i l luminance derived f rom the indirect 
approach and the direct approach respectively are relatively large comparing 
w i th the accuracy o f other models to predict hourly irradiance such as Heliosat 
method. The causes for this could be: 1) the satellite data has its intrinsic error as 
GOES-9 was not in its best condit ion f rom 2003 to 2005, which was a backup 
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for ai l ing GMS-5; 2) satellite images w i th hal f or one hour temporal resolution 
may not truly represent the changeable weather and cloud pattern in subtropical 
region as Perez model obtained the 29% RMSE in estimating hourly global 
irradiance in Cocoa, Florida wi th subtropical climate. 
3.4.3 Model performance under different seasons 
Daylight is important throughout the whole year. But it may have different influences 
in different seasons. For example, the i l luminance level is important for winter 
seasonally affective disorder (SAD) (Boyce, 2003). Therefore, it is necessary to 
assess the accuracy o f the model in different seasons. The data were divided into two 
seasons, summer and winter. The months f rom Ap r i l to October spanned summer and 
from November to March spanned winter, respectively. Figure 3.29 and Figure 3.30 
show the comparison o f satellite-derived global i l luminance estimated f rom satellite 
in summer and winter, and Table 3.4 gives the M B E and RMSE. The results show 
that the model has slightly better accuracy in winter wi th RMSE 27% than that in 
summer wi th RMSE 32%. The reason may be that in summer there are more overcast 
and partly cloudy skies in Hong Kong (Edward Ng, et al., 2007). 
Table 3.4 Model precision in seasonal differences 
M B E (klux) o/oMBE RMSE (klux) %RMSE 
Summer -1.4 -3 16 32 
Winter 3 8 11 27 
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Figure 3.30 Model precision in winter t ime ( N o v e m b e r to March) 
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Figure 3.29 Model precision in summer time (Apr i l to October) 
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3.5 Conclusions 
This study has presented statistical models capable o f deriving global horizontal 
i l luminance under subtropical climate f rom the geostationary satellite visible data. 
They could resolve the problem o f insufficient data for daylight design where the 
ground measurements are not available. The models consist o f indirect approach and 
direct approach. The choice o f which approach to use in the development o f model 
depends, to a great extent, on the ground data available. I f the ground il luminance is 
available, the direct approach is a better choice. I f only global irradiance is measured 
in ground station, the indirect approach could be an alternative. The indirect 
approach derives global horizontal irradiance first using a n - k^ relation, and then 
converts the global horizontal irradiance to global horizontal i l luminance by using a 
luminous efficacy model. The direct approach derives global horizontal i l luminance 
by using a n-k风 relation directly. 
Both indirect approach and direct approach to derive daylight i l luminance have 
particular advantages and shortcomings. Direct approach has better accuracy, whi le 
indirect approach only needs global irradiance which is one o f the most commonly 
measured meteorological parameters. The RMSE o f hourly il luminance predicted by 
direct approach is 31% that is comparable to the result presented by Ineichen & 
Perez (1999) who obtained RMSE 31% in Geneva using a statistical model based on 
Meteosat satellite. The RMSEs are relatively large comparing wi th the accuracy o f 
other models to predict hourly irradiance such as Heliosat method mainly because o f 
the satellite's intrinsic error and the changeable weather and cloud pattern in a 
subtropical region. 
Although the models are developed based on Hong Kong data, they also could be 
applied for neighboring areas wi th similar solar radiation climate such as southern 
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China where the daylight data are insufficient. 
Future work can focus on (1) ref ining the n-k^ relation and n-k忧 taking into 
account other additional parameters and other statistical methods to get better 
accuracy; (2) investigating i f additional satellite channels may improve the 
performance o f the models. 
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Chapter 4 
USING SATELLITE-BASED METHOD TO 
PREDICT SKY TYPES 
4.1 Introduction 
Dayl ight data are o f great importance for dayl ight design in buildings. Basic dayl ight 
data，such as i l luminance data, can be used in simple analysis o f design options, 
whi le more detailed data, such as sky types are essential to assess the dayl ight ing 
performance in bui ldings using some simulation tools. Because o f the dynamic 
nature o f dayl ight, i t is important for the designers to know the typical sky types 
under local cl imate condit ions for better dayl ight design. 
Tradit ionally, sky data can be observed by sky scanner that measures the spatial 
distr ibution o f the luminance and/or radiance o f the entire sky automatically. Due to 
high costs o f installation and maintenance, only a few ground stations have been set 
up to scan the sky al l over the wor ld. In addit ion, researchers proposed methods to 
predict sky types using some ground meteorological data. Nevertheless, these 
methods st i l l rel ied heavi ly on the ground measurements and cannot be applied to 
map the sky conditions for a large region wi thout enough meteorological data. 
Satellite-based method to predict sky types can overcome these dif f icult ies as 
satellite images can cover a large scale area no matter the ground conditions. More 
importantly, satellite images can directly represent the cloud information on the sky 
that is essential to estimate the sky types. 
This study investigates the relationship between satellite visible channel counts and 
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sky types based on CIE 15 standard skies under subtropical climate conditions. This 
investigation is based on the geostationary satellite, GOES-9, f rom June 2003 to May 
2005. Simultaneous ground measurements are used to derive and assess the accuracy 
o f the satellite-based algorithms f rom CIE I D M P research class station in The 
Chinese University o f Hong Kong. The algorithms developed under local subtropical 
climate conditions in this study may be adopted elsewhere wi th similar climatic 
situation. 
4.2 Data 
This study aimed to predict sky types using satellite data based on ground 
measurements. Therefore, two data sets are needed. 
For ground measurement, the sky luminous distribution data were measured wi th an 
E K O sky scanner (MS-321LR) (Figure 4.1). This study included the sky luminance 
scan data collected f rom June 2003 to May 2005, but excluded the period during 
September 2003 to October 2003, and 15 November 2004 to December 2004 due to 
the instrument malfunction. The sky scanner measures luminance o f 145 points o f 
the sky dome in Figure 4.2 (P. R. Tregenza, 1987), rejecting the record over 50 
kcd/m^. A l l the sky luminance scans after quality control were fitted to the CIE 
Standard General Sky based on Tregenza's method (2004) by the previous work 
(Edward Ng, et al., 2007). 
For satellite data, same data was used as in Chapter 3. 2 X 2 pixels average 
containing the I D M P station from June 2003 to May 2005 were used. 
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:Sky Scanner 
Figure 4.1 Sky scanner measuring sky luminance and radiance distributions 
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4.3 CIE Standard General Sky 
The sky luminous distribution depends on the location, weather and climate, and it 
varies during the day and wi th the position o f the sun. The widely used CIE standard 
overcast sky assume the sun is hidden by cloud layers, and thus the luminous pattern 
o f the sky is even and equal in all azimuth degree whi le a gradation o f luminance 
from horizon to zenith in ratio 1:3. However, the actual sky patterns in various 
locations are often quite different f rom each other. The CIE Standard General Sky 
defines a set o f luminous distribution, ranging f rom the heavily overcast sky to 
cloudless clear sky including the previous recommended CIE standard overcast sky 
and CIE standard clear sky (CIE, 2003). The 15 sky standard skies include five clear, 
f ive intermediate and f ive overcast sky types. The luminance distributions are given 
in two functions: (p{Z), the gradation function, which describes the luminance 
gradation between horizon and zenith; and f ( j ) , the relative scattering indicatrix, 
which relates sky luminance wi th angular distance from the sun. The relative 
luminance ( L / ) at any point in the sky is defined as fol lows: 
L _f(Z)'(P(Z) 
where L : luminance o f a sky element (cd/m2) 
Lz: zenith luminance (cd/m2) 
X : angular distance between sky element and the sun (radian) 
Z : zenith angle o f sky element (radian) 
Z^: zenith angle o f the sun (radian) 
The standard gradations are defined by appropriate a and b variables as follows: 
(4.1) 
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The relative scattering indicatr ix function can be defined by an exponential function 
w i th adjustable coefficients c, d and e as fol lows: 
/ O r ) 1 + 力 - e x p ( J - ) ] + e c o s ' J 
代Zs) 1 + c[Qxp(dZ^) - e x p ( J - ) ] + e cos' Z^ 
2 
(4.3) 
The combination o f indicatr ix and gradation group wou ld theoretically fo rm a large 
o f sky numbers but only 15 relevant sky types were adopted to form the Standard 
General Sky (CIE，2003). Table 4.1 shows the details o f the CIE Standard General 
Sky. 
4.4 Sky type prediction 
4.4.1 Sample data 
Instantaneous cloud indices averaged f rom four pixels o f satellite data in Chapter 3 
were used to predict sky types. The temporal resolution o f the cloud indices are about 
ha l f to one hour. The sky scanner data are total 25,260 scans w i th 10 minute interval. 
The sky type representing by numbers 1-15 is a categorical variable. They can not be 
averaged to hourly value l ike global irradiance just by averaging the numbers during 
each hour. Therefore, this study here used the instantaneous comparison between the 
cloud indices and the sky scans. The time o f two sets o f data is not the same exactly. 
This study assumed that the cloud index and the sky scan were simultaneous i f the 
t ime difference between the cloud index and the sky scan was less than 5 minutes. 
Based on this assumption, the total 25,260 sky scans reduced to 6,739 sky scans w i th 
the "simultaneous" cloud indices as sample data for further analysis. Figure 4.3 
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shows the data distr ibution for c loud indices and sky types f rom June 2003 to M a y 
2005. Generally, the sky types f rom overcast to clear condit ions vary w i th the 
fluctuation o f cloud indices f rom 1 to 0 especially in some periods indicated by 
arrows. 
Table 4.1 CIE Standard General Sky type description and parameters (CIE, 2003) 
Type a b c d e Luminance Distribution 
1 4 -0.7 0 -1 0 
CIE Standard Overcast Sky, 
Steep luminance gradation 
towards zenith, azimuthal uniformity 
2 4 -0.7 2 -1.5 0.15 
Overcast, with steep luminance gradation 
and slight brightening towards the sun 
3 1.1 -0.8 0 -1 0 
Overcast, moderately graded 
with azimuthal uniformity 
4 1.1 -0.8 2 -1.5 0.15 
Overcast, moderately graded 
and slight brightening towards the sun 
5 0 -1 0 -1 0 Sky of uniform luminance 
6 0 -1 2 -1.5 0.15 
Partly cloudy sky, no gradation 
towards zenith, slight brightening towards the sun 
7 0 -1 5 -2.5 0.3 
Partly cloudy sky, no gradation 
towards zenith, brighter circumsolar region 
8 0 -1 10 -3 0.45 
Partly cloudy sky, no gradation 
towards zenith, distinct solar corona 
9 -1 -0.55 2 -1.5 0.15 
Partly cloudy, 
with the obscured sun 
10 -1 -0.55 5 -2.5 0.3 
Partly cloudy, 
with brighter circumsolar region 
11 -1 -0.55 10 -3 0.45 
White-blue sky 
with distinct solar corona 
12 -1 0.32 10 -3 0.45 
CIE Standard Clear Sky, 
low luminance turbidity 
13 -1 0.32 16 -3 0.3 
CIE Standard Clear Sky, 
polluted atmosphere 
14 -1 0.15 16 -3 0.3 
Cloudless turbid sky 
with broad solar corona 
15 -1 
....—— 
0.15 24 -2.8 0.15 
White-blue turbid sky 
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Sky types 
Figure 4.4 Comparison o f frequency distribution o f sky types between all data 
(25,260 sky scans) and sample data (6,739 sky scans) 
Table 4.2 Frequencies o f occurrence o f the 
15 sky types for all data and the sample data 
Frequency of distribution of sky types (%) 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
All 
data 
18.63 5.46 7.01 7.97 1.22 3.37 10.49 18.00 0.52 0.95 10.74 0.54 14.94 0.08 0.09 
Sample 
data 
18.22 5.49 6.48 7.23 1.14 3.15 10.27 16.74 0.58 0.98 11.98 0.61 16.93 0.12 0.09 
Figure 4.4 and Table 4.2 show the frequencies o f occurrence o f the 15 sky types for 
all data and the sample data respectively. The frequencies o f occurrence for all data 
and sample data match wel l as shown in Figure 4.4. Nevertheless, the two-sample 
Kolmogorov-Smimov test was chosen to test i f there is significant difference 
between the sample and the population using SPSS 13 for windows (Bryman & 
Cramer, 2005) to make sure that the results concluded from the sample can represent 
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the entire population. Table 4.3 shows the output the Kolmogorov-Smimov test. As 
p-value is wel l above the two-tai led 0.05 level (Asymp. Sig is 0.999), this means 
there is no significant difference in the frequencies o f distributions o f sky types 
between all data and the sample data. 
Table 4.3 Two-sample Kolmogorov-Smimov test comparing 
frequency o f distribution o f sky types in all data and sample data 
Frequencies 
Data N 
Sky All data 15 




Most Extreme Absolute .133 
Differences Positive .133 
Negative -.067 
Kolmogorov-Smimov Z .365 
Asymp. Sig. (2-tailed) .999 
a. Grouping Variable: Data 
4.4.2 Assessment of other approaches 
L i et al. (2001; 2004) proposed an approach to classify sky conditions into three 









In L i 's classification, k^  values representing overcast, partly cloudy and clear sky 
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condit ion are 0-0.15, greater than 0.15-0.7, and greater than 0.7, respectively. Whi le 
K values corresponding to overcast, part ly cloudy and clear sky condit ion are 
1-0.98，less than 0.98-0.27 and less than 0.27, respectively. This study assessed L i 's 
classification based on the solar radiation data and sky scans collected in I D M P 
station in The Chinese Universi ty o f Hong Kong from June 2003 to M a y 2005. 
Figure 4.5 shows the result o f the comparison. The black bars are the frequency o f 
occurrence o f three sky conditions: overcast (sky types 1-5), partly cloudy (sky types 
6-10)，and clear (sky types 11-15) f rom the real sky scanner data. The l ight grey bars 
and dark grey bars are the frequency o f occurrence o f three sky conditions classified 
by kt and k^ respectively calculated by the measured global irradiance and diffuse 
irradiance. As shown in Figure 4.5, it seems that k^  and k^ classification proposed 
by L i et al. does not agree w i th the real sky scans in all three sky types. Large bias 
occurs especially in part ly cloudy condit ion that is overestimated by k^  and k^ 
classification. Whi le the overcast and clear sky conditions are underestimated by k^  
and k^ classification. 
100% 
90% 
I Real sky scans 
H Sky conditions based on Kt 
]Sky conditions based on Kd 
Overcast (sky types 1 -5) Partly cloudy (sky types 6-10) Clear (sky types 11-15) 
Frequency distribution of three sky conditions 
Figure 4.5 Comparison o f frequency distribution o f three sky types between 
real sky scan and classification based on k^  and k^ (25,260 sky scans) 
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The Satel-Light database (The European Database o f Dayl ight and Solar Radiation) 
characterizes the types o f sky as clear, intermediate or overcast (Satel-Light). The 
determination o f sky type is based on the value o f the cloud index n derived f rom a 
pixel-count o f the satellite image giving a resolution o f about 1 km. The sky-type 
classification is as fol lows: 
1) A cloudy (overcast) sky corresponds to a cloud index larger than 0.6. 
2) A n intermediate sky corresponds to a cloud index larger than 0.15 and smaller 
than 0.6. 
3) A sunny (clear) sky corresponds to a cloud index smaller than 0.15. 
The classification proposed by Satel-Light database is based on the Meteosat under 
local climate conditions. When comparing the real sky scans in Hong Kong w i th the 
predicted sky conditions based on Satel-Light's classification, it was found that the 
real overcast sky conditions were underestimated and the partly cloudy sky condition 
were overestimated (Figure 4.6). 
60% 
50% 
I Real sky scans 
]Satel-Light classification 
Overcast (Sky types 1 -5) Partly cloudy (Sky types 6-10) Clear (Sky types 11-15) 
Frequency distribution of three sky conditions 
Figure 4.6 Comparison o f frequency distribution o f three sky types 
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 of the steps to predict sky types using satellite data 
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4.4.3 Formulation of a method to predict sky conditions under subtropical 
context 
As discussed before, the classification proposed by Satel-Light database is not 
applicable for subtropical Hong Kong to distinguish the sky conditions accurately. 
However, cloud index itself is a good indicator o f cloudiness representing the sky 
conditions (Figure 4.3). Therefore, this study sti l l used cloud index to formulate a 
method to predict sky types. Figure 4.7 gives an overview o f the steps to predict sky 
types using GOES-9 visible channel data. 
Figure 4.8 displays cloud indices under 15 CIE Standard General Sky types 
respectively as a function o f solar elevation. The cloud indices under most sky types 
are dispersion. It is hard to predict all the 15 sky types only based on a single 
parameter - cloud index. In addition, some sky type, for example, sky type 15, is rare 
in Hong Kong. It is more di f f icul t to correlate the cloud index to the sky type wi th 
very low frequency o f occurrence. 
Therefore, this study grouped the 15 CIE Standard General Sky types into 3 
categories: overcast skies (sky types 1-5), partly cloudy skies (sky types 6-10) and 
clear skies (sky type 11-15). Figure 4.9 displays the cloud indices under three sky 
conditions as a function o f solar elevation. The blue dots represent sky types 1-5; the 
red dots represent sky types 6-10; and the green ones represent sky types 11-15. It is 
hard to distinguish the overcast skies and the partly cloudy skies f rom Figure 4.9. 
Most cloud indices are under 0.2 when the sky conditions are clear. However, the 
cloud indices o f clear sky conditions are not constant as a function o f solar elevation. 
As solar elevation is over 60 degree, the clear sky conditions do not frequently occur 
when cloud indices are under 0.2. Figure 4.10 shows occurrence o f three sky 
conditions in 9 solar elevation bins (0-90。) when ^ < 0.2 . Clear skies most occur 
below o f solar elevation. When solar elevation increases over 60°, partly cloudy 
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Figure 4.8 Cloud indices under 15 CIE Standard General Sky types 
respectively as a function o f solar elevation 
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Satel-Light as a divider between partly cloudy skies and clear skies, the result seems 
accurate. The frequencies o f occurrence o f clear sky conditions comparing the real 
scans and the predicted skies in Figure 4.6 are similar for a long-term prediction. 
However, this simple divider may cause large error in short-term prediction as the 
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Figure 4.10 Occurrence o f three sky condit ions 
in 9 solar elevation bins when n < 0.2 
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Blue dots: sky 1 - sky 5, Red dots: sky 6 - sky 10，Green dots: sky 11 - sky 15 
Figure 4.9 C loud indices under three sky condit ions 
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Figure 4.11 Classif ication o f sky condit ions for (Blue dots: overcast skies, Red 
dots: part ly c loudy skies, Green dots: clear skies) 
The study adopted clear sky index k^ as an addit ional independent variable to 
predict sky conditions. Clear sky index is the ratio o f the global irradiance to the 
irradiance under ideal clear sky condit ion. The global irradiance is one o f the most 
common meteorological parameter measured at the ground stations wor ldwide. 
Wh i l e the clear sky irradiance can be calculated by a model (Hammer, et al., 2003; 
Igawa, et al., 2004; R. Perez, et al., 2002). Figure 4.11 shows the relationship o f 
\ - n and k^ under three sky conditions. The three sky condit ions can be easily 
dist inguished comparing w i t h Figure 4.11 although some different color dots are 
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, , = ( 1 - + (4.6) 
where n is the cloud index, k^ is the clear sky index. The clear sky index can be 
calculated by normalizing global irradiance for an idea clear sky. Practically, 
predicting sky conditions for the places where the global irradiance is not available, 
the clear sky index can be derived by the n -k^ relation proposed in Chapter 3 
(equation (3.6)). Then the sky type index t. can be only defined by cloud index 
without ground radiation data. 
The three sky conditions then can be classified based on the sky type index t.: 
• Overcast sky conditions (sky types 1 -5 ) : .^ ^ 1.1; 
• Partly cloudy sky conditions (sky types 6-10): 1.1 < ^ 1.7; 
• Clear sky conditions (sky types 11-15): 〉1.7 . 
4.5 Model precision and results 
This study made a comparison between real sky scans and predicted sky conditions 
based on ( under three sky conditions. The results are given in Figure 4.12. The 
black bars represent real sky scans; the light grey bars represent predicted sky 
conditions based on t丨 in which the clear sky index k。was calculated by 
normalizing global irradiance for an idea clear sky (model 1); the dark grey bars 
represent predicted sky condition also based on but here the clear sky index k^ 
was derived by the n -k^ relation (equation (3.6)) proposed in Chapter 3 (model 
2). Figure 4.12 shows both model 1 and model 2 can predict three sky conditions 
wi th good accuracy especially for overcast sky conditions. The measured sky 
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conditions are 38.6%, 31.7% and 29.7% for overcast, partly cloudy and clear skies 
respectively, whi le the three sky conditions predicated by model 1 and model 2 are 
38.6%, 29.1%, 32.3% and 39.8%, 31.9%, 28.3% respectively. The relative errors to 
predict overcast, partly cloudy and clear skies are 0%, 8%, and 9% for model 1 and 
3%, 1% and 5% for model 2. Model 1 predicts the overcast sky conditions very wel l 
but underestimates partly cloudy skies and overestimates clear skies. Whi le model 2 
predicts all the three sky conditions wel l and just overestimates overcast skies and 
underestimates clear skies slightly. 
50% 
I Real sky scans 
I Based on model 1 
I Based on model 2 
Overcast (sky types 1 -5) Partly cloudy (sky types 6-10) Clear (sky types 11-15) 
Frequency distribution of three sky conditions 
Figure 4.12 Accuracy o f the models (6,739 sky scans) 
This study also assessed the accuracy o f models in different seasons. Like Chapter 3, 
the months f rom Apr i l to October spanned summer and from November to March 
spanned winter, respectively. Figure 4.13 and Figure 4.14 show the accuracy o f 
models in summer and winter respectively. In summer, l ike overall prediction, model 
1 estimates the overcast sky conditions wel l but underestimates partly cloudy skies 
and overestimates clear skies； whi le model 2 predicts overcast skies and partly 
cloudy skies better than clear skies (Figure 4.13). In winter, the general accuracy is 
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Overcast (sky types 1 -5) Partly cloudy (sky types 6-10) Clear (sky types 11-15) 
Frequency distribution of three sky conditions in summer (April to October) 
Figure 4.13 Accuracy in summer (3,529 sky scans) 
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cloudy skies (Figure 4.14). 
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Frequency distribution of three sky conditions in winer (November to March) 
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To further analyze the errors and stability o f the models for predicting sky types, this 
study broke up the 6,739 sky scans into 3 groups randomly. Three groups have 2246, 
2247 and 2246 sky scans respectively. Figure 4.15 shows the result o f the stability 
analysis o f models under overcast skies. The performance o f model 1 and model 2 in 
group 1-3 is similar to that in all 6,729 sky scans, which means that the models are 
stable for predicting overcast skies. Likewise, Figure 4.16 and Figure 4.17 show that 
model 1 and model 2 are stable for predicting partly cloudy skies and clear skies. 
Real sky scans 
Based on model 1 
Based on model 2 
6,739 sky scans group 1 (2,246 sky scans) group 2 (2,247 sky scans) group 3 (2,246 sky scans) 
Frequency distribution of overcast skies 
Figure 4.15 Stability analysis o f models under overcast skies 
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Frequency distribution of partly cloudy skies 
Figure 4.16 Stability analysis o f models under partly cloudy skies 
• Real sky scans 
] B a s e d on model 1 
J Based on model 2 
6,739 sky scans group 1 (2,246 sky scans) group 2 (2,247 sky scans) group 3 (2,246 sky scans) 
Frequency distribution of clear skies 
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The above discusses the overall performance o f the models. Both model 1 and Model 
2 can classify three sky conditions wi th good accuracy for a long-term prediction. 
Nevertheless, as shown in Figure 4.11, there are some mixed dots in each 
classification. This may cause lager errors for a short-term prediction. This study, 
therefore, investigated the accuracy o f the models further under three sky conditions. 
Figure 4.18 shows the comparison o f real overcast sky conditions and the sky 
conditions prediction by model 1 and model 2 when sky type index The 
black bars represent the real overcast skies. Actual ly some partly cloudy skies occur 
when model 1 and model 2 regard as overcast skies w i th /. ^ 1.1. Clear skies also 
occur, but occurrence o f clear skies is rare when ^ < 1.1. Generally, model 1 predicts 
overcast skies better than model 2. Figure 4.19 and Figure 4.20 show the comparison 
in different seasons. The performance o f both model 1 and model 2 in winter is better 
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Figure 4.18 Accuracy analysis in overcast condition for all data {t. < 1.1) 
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Figure 4.21 shows the comparison o f real partly cloudy sky conditions and the sky 
conditions prediction by model 1 and model 2 when sky type index \ A < t ^ <1.7 . 
The real sky types predicted by model 1 and model 2 range from overcast skies to 
clear skies. Similar trends can be found in seasonal comparisons (Figure 4.22 and 
Figure 4.23). Therefore, for short-term prediction, both model 1 and model 2 may 
cause bias for predicting partly cloudy skies. 
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Figure 4.22 Accuracy analysis in partly cloudy condition for summer (1.1 < t. <1 .7 ) 
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Figure 4.23 Accuracy analysis in partly cloudy condition for winter (1.1 < / <1 .7 ) 
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Figure 4.24 shows the comparison o f real overcast sky condit ions and the sky 
condit ions predict ion by model 1 and model 2 when sky type index t. >1.7 . In this 
case, most sky conditions predicted by model 1 and model 2 are clear, except that 
some occur in partly cloudy skies. There is no significant difference in summer and 
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Figure 4.25 Accuracy analysis in clear condition for summer (广 > 1 . 7 ) 
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4.6 Conclusions 
This study has presented a simple method to predict sky conditions based on 
GOES-9 visible channel data and ground-measured global irradiance. Three sky 
conditions can be classified by three sky type index ranges - t. <1.1 , 1.1 < <1.7 
and t丨 > 1.7 . These correspond to overcast, partly cloudy and clear sky conditions. 
The sky type index is a function o f cloud index derived f rom satellite data and the 
clear sky index which can be either calculated by normalizing global irradiance for 
an idea clear sky (model 1) or derived by the n - k^ relation (model 2). Both model 
1 and model 2 can predict three sky conditions wi th good accuracy especially for 
overcast sky conditions that are in the majori ty in subtropical Hong Kong. The 
relative errors to predict overcast, partly cloudy and clear skies are 0%, 8%, and 9% 
for model 1 and 3%, 1% and 5% for model 2. Further, this study investigates the real 
sky conditions in sky type index ranges. The results show that in each range there is 
sti l l a port ion o f other sky condition that may cause errors for short-term prediction. 
However, it must be emphasized that this study does not attempt to predict the 
short-term behavior o f the sky conditions wi th high accuracy. Satellite data available 
in this study do not have the temporal or spatial resolution to achieve the task. 
The overall frequency o f occurrences o f three sky conditions predicted by satellite 
data can give a general understanding to architects and engineers about the local 
daylight climate. The detailed sky type or sky luminance pattern is essential for 
accurate daylighting design. However, before obtaining detailed luminance records 
for the main climatic regions o f the world, it is important to know the daylight 
climate to define regions that are wi th similar cloudiness and radiation condition and 
predictable by standard meteorological parameters (P. R. Tregenza, 2004). 
Satellite-based methods could be an effective approach to achieve this objective to 




This study has investigated using geostationary satellite visible channel data to 
predict daylight i l luminance and sky conditions under subtropical climate condition. 
The satellite-based methods can extend ground-measured data in space and time. 
Using satellite data, we can map daylight data for a large area based on some 
representative ground measurements; or we can extend the short-term measurement 
for a long period as satellites usually operate for a long time. This study uses 
GOES-9 visible channel data and corresponding ground measurements from June 
2003 to May 2005. Statistical models both in indirect approach and direct approach 
have been proposed to derive global horizontal il luminance. A new sky type index 
has been proposed to classify the sky condition for subtropical Hong Kong. 
5.1 Research summary 
5.1.1 The indirect approach to derive global illuminance 
The indirect approach to derive global il luminance can be defined as: 
^vg,sat = ^G • ^eg,sat ( 5 � ) 
where K ^ is Muneer-Kinghom luminous efficacy model(Muneer & Kinghom, 
1997), E^^ 加 is the satellite-derived global irradiance defined as: 
Eeg,sat=K-Ee,,clear (5 .2 ) 
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where £"堪。如" i s the standard clear sky global irradiance proposed by Igawa et al. 
(2004). kc is the clear sky index as a function o f cloud index n and solar altitude 
angel y / . 
介c = 0.551 - 0.458« + 0.622 sin 厂s + 0.357"2 - 1 . 5 5 5 " . sin - 0.119sin" 7s 
-0 .006"3 - 0 . 1 • sin y^ +1.233w.sin' y ^ -0 .325s in ' y^  
5.1.2 The direct approach to derive global illuminance 
The indirect approach to derive global i l luminance can be defined as: 
(5.3) 
E\;g,SCU - ^VC Eyg. clear (5.4) 
where £•叹 ^lear is the clear sky global i l luminance as a function o f a clear sky diffuse 
il luminance (lES, 1984) and a clear sky direct i l luminance (Navvab, et al., 1984). 
kvc is the il luminance clear sky index as a function o f cloud index n and solar 
altitude angel y^: 
kvc = 1.452 - 0.794« + 0.097«3 — i .836sin + 2.286sin' y^ -1 .032 sin' y^  (5.5) 
5.1.3 Sky types prediction 
Three sky conditions based on CIE Standard General Sky can be classified based on 
the sky type index t.: 
• Overcast sky conditions (sky types 1-5) : t. <1.1 ; 
• Partly cloudy sky conditions (sky types 6-10): 1.1 < /. <1 .7 ; 
• Clear sky conditions (sky types 11-15): 〉1.7. 
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where the sky type index t. is a function o f the cloud index and the clear sky index. 
5.2 Conclusion and discussion 
The results o f this study show that both indirect approach and direct approach can 
predict global horizontal i l luminance from geostationary satellite visible data under 
subtropical climate condition. The choice o f which approach to use in the 
development o f model depends, to a great extent, on the ground data available. I f the 
ground il luminance is available, the direct approach is a better choice. I f only global 
irradiance is measured in ground station, the indirect approach could be an 
alternative. The direct approach has better results than the indirect approach to derive 
the global i l luminance in terms o f M B E and RMSE. The RMSE o f hourly 
i l luminance is 31% that is comparable to the result presented by Ineichen & Perez 
(1999) who obtained RMSE 31% in Geneva using a statistical model based on 
Meteosat. 
The RMSE o f 35% and 31% for the hourly il luminance derived f rom the indirect 
approach and the direct approach respectively are relatively large comparing wi th the 
accuracy o f other models to predict hourly irradiance such as Heliosat method. The 
causes for this could be: 1) the satellite data has its intrinsic error as GOES-9 was not 
in its best condition from 2003 to 2005, which was a backup for ail ing GMS-5, and 
more l ikely, 2) satellite images wi th half or one hour temporal resolution may not 
truly represent the changeable weather and cloud pattern in subtropical region as 
Perez model obtained the 29% RMSE in estimating hourly global irradiance in 
Cocoa, Florida wi th subtropical climate (R. Perez, et a l , 2002). 
In addition, this study has presented a simple method to predict three sky conditions 
based on 15 CIE Standard General Sky. The sky type index is a function o f cloud 
index derived from satellite data and the clear sky index that can be either calculated 
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by normalizing global irradiance for an idea clear sky (model 1) or derived by the 
n - K relation (model 2). Both model 1 and model 2 can predict three sky conditions 
wi th good accuracy especially for overcast sky conditions that are in the majority in 
subtropical Hong Kong. The relative errors to predict overcast, partly cloudy and 
clear skies are 0%, 8%, and 9% for model 1 and 3%, 1% and 5% for model 2. Further, 
this study investigates the real sky conditions in sky type index ranges. The results 
show that in each range there is stil l a portion o f other sky conditions that may cause 
errors for short-term prediction, especially for classifying partly cloudy skies and 
clear skies. However, it must be emphasized that this study does not attempt to 
predict the short-term behavior o f the sky conditions wi th high accuracy. Satellite 
data available in this study do not have the temporal or spatial resolution to achieve 
the task. 
The global horizontal i l luminance and overall frequency o f occurrences o f three sky 
conditions predicted by satellite data can give a general understanding to architects 
and engineers about the local daylight climate for better daylight design. The detailed 
sky type or sky luminance pattern is essential for accurate daylighting design. 
However, before obtaining detailed luminance records for the main climatic regions 
o f the world, it is important to know the daylight climate to define regions that are 
wi th similar cloudiness and radiation condition and predictable by standard 
meteorological parameters (P. R. Tregenza, 2004). Satellite-based methods could be 
an effective approach to achieve this objective to some extend as satellite image can 
predict daylight data over large areas. 
The predicted i l luminance and predicted sky types also have some practical 
applications for i l luminating engineers and architects. The predicted hourly global 
i l luminance can provide detailed information for architects to design windows and 
for i l luminating engineers to design artif icial l ighting to compensate for the 
insufficient daylight during some particular time periods. Long-term illuminance data 
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over a fu l l year can capture the seasonal variation and short-term variation for 
determining the art i f icial l ighting requirements using a l ight ing control algorithm 
(Litt lefair, 1992) and for sustainable bui lding design by using some dynamic daylight 
performance metrics (Reinhart, et al.，2006). The predicted sky types can be used to 
calculate the internal il lumiances based on CIE Standard General Sky. Furthermore, 
sky type could be predicted immediately after the hourly satellite image reception by 
using the algorithm derived f rom previous satellite images and ground measurements 
and be then transferred to the web server for on-line access f rom the users to use 
l ighting system integrating advanced technologies. 
The statistical models to predict daylight data are developed in the Hong Kong 
context, but they could be applied beyond Hong Kong. The control o f the 
applicabil ity is the similari ty o f the physics o f the atmospheric parameters. As Figure 
2.6 shows, when solar radiation enters the earth's atmosphere, a part o f the incident 
energy is removed by scattering and a part by absorption. The radiation arriving on 
the ground consists o f the direct radiation and part o f the scattered radiation. Wi th the 
availabil ity o f data on aerosol, water vapor, and ozone content o f the atmosphere, 
global, direct and diffuse irradiance can be calculated by some empirical models such 
as SOUS module (equations 2.15 — 2.17) (Mueller, et al., 2004). Therefore, the 
models developed in Hong Kong could be extended to other places wi th similar 
physical characteristics o f the atmosphere that could be determined from satellite 
images. 
Spatial and temporal resolution o f satellite images in this study are not very high, but 
spatial and temporal resolution o f satellite images are very important for better 
predicting daylight data. High spatial resolution o f satellite image can better capture 
the cloud structures spatially to improve the performance o f the models. High 
temporal resolution o f satellite data can capture the short-term variation o f 
atmosphere information especially for subtropical climate, and then improve the 
accuracy o f the models and consequently provide high temporal resolution daylight 
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data for users. 
5.3 Research contributions and limitations 
The main contributions o f this thesis are as fol lowing: 
• This study has extended the satellite-based methods to predict daylight 
i l luminance data and sky types under subtropical climate context. Although 
much has been done on predicting solar irradiance using satellite images, much 
less has been proposed on estimating daylight il luminance from satellite data, 
particularly for subtropical regions. This study therefore addresses the gap to 
investigate the satellite-based models under changeable weather and cloud 
patterns in a subtropical climate. 
• This study has tested both the indirect approach and direct approach to derive 
global horizontal il luminance. Satel-light project adopted a luminous efficacy 
model to convert the solar irradiance derived from satellite data to daylight 
i l luminance in Europe. Some others proposed direct approaches to derive global 
i l luminance. This study has compared both the indirect approach and the direct 
approach to derive the daylight il luminance from satellite data in terms o f 
accuracy o f the models. 
• This study has proposed a new sky type index to classify the sky conditions for 
subtropical Hong Kong into three categories as a function o f cloud index and 
clear sky index. The clear sky index can be calculated by normalizing global 
irradiance for an idea clear sky. Practically, predicting sky conditions for the 
places where the global irradiance is not available, the clear sky index can be 
derived by the n - k^ relation. 
Apart f rom the contributions, there are some limitations in this study. There is no 
other ground-measured daylight data in subtropical southern China to validate the 
models. For whole subtropical southern China, only one IDMP stations has collected 
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i l luminance data and sky scanner data in the Chinese University o f Hong Kong. The 
City University o f Hong Kong has also collected daylight data for research purpose. 
But the measurement station in The City University o f Hong Kong are too close 
(approx. 10 km) to the IDMP station in The Chinese University o f Hong Kong 
without independent satellite pixels for validation due to the low spatial resolution o f 
GOES-9 satellite (also approx. 10 km). Nevertheless, the previous study (He & Ng, 
2008) to map the solar radiation for whole Guangdong Province in which solar 
radiation measured in eight stations distributing over the whole Guangdong Province 
has used to derive the algorithms to estimate global irradiance could support the 
results o f this study since both irradiance derivation and il luminance derivation f rom 
satellite data are the same in principle. 
No high temporal and spatial resolution satellite images are available for this study. 
This study is based on the IDMP measurement f rom 2003 to 2005. During this period, 
only GOES-9 data is available that is a backup for ail ing GMS-5. Comparing the 
satellites used in Heliosat in Europe, the Meteosat Second Generation (MSG) 
satellite and Meteosat have 1km and 2.5km spatial resolution respectively as wel l as 
15min and 30 min temporal resolution respectively (Mueller, et al., 2004). The 
GOES-9 satellite w i th low spatial and temporal resolution may not catch the chaotic 
and rapidly changing cloud cover in subtropical climate, thus cause lager errors for 
predicting daylight data. 
5.4 Needs for further research 
This study has proposed satellite-based methods to predict daylight data for 
subtropical Hong Kong that could be a pi lot study for further application for whole 
southern China or even China in the future. Further work w i l l focus on 
1) investigating whether additional satellite channels may improve the cloud index 
derivation and model performance. 
2) investigating whether additional standard meteorological parameters can 
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contribute to classifying more sky types rather than three sky conditions and 
improve the performance o f the classification. 
3) conducting a sensitivity study to simulate the daylighting performance in 
buildings under sky conditions derived from satellite images compared wi th 
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Appendix 
Sun and satellite geometry algori thms 
zenith 
Figure 1 Angles def in ing the posi t ion o f the sun and the satellite 
1. Solar altitude y^ 
Day number, J 
/ 二 1 on 1 January, J = 365 on 31 December, February is taken to have 28 days. 
Day angle z : 
T = {unit: radian) 
365 
Solar decl ination 5 
6 = 0.006918 - 0.399912 cos( r ) + 0.070257 s in ( r ) - 0.006758 cos(2r) + 0.000907 s in(2r ) 
- 0 . 0 0 2 6 9 7 cos(3r) + 0.001480sin(3r) (unit: radian) 
Equation o f t ime E T 
ET = 0.170 sin 4/r 
( J - 8 0 ) 
“ 
In - 0 . 1 2 9 sin 
I 373 j 1 355 J {unit: hour) 
A-1 
True solar t ime TST 
TST = LT+^' +ET-TD {unit: hour) 
where 
LT - local clock t ime (unit: hour f rom midnight) 
- longitude o f standard meridian (unit: degree) 
义。-longitude o f site (unit: degree) 
Hour angle co: 
71 
TST (unit: radian) 
Solar altitude y 
y = arcsin[sin ^ sin ^ + cos (p cos 5 cos co 
where (p is the latitude o f the site (unit: radians). 
2. Co-scattering angle ^ : 
Solar azimuth : 
-sin(Z>sinr -\-smS ^ 
arccos — ,0 < ;r 
a^ = 
cos ^  cos 
u p sin 
cos ^  cos 
^ - sine? i  y + s i n ^ … l/u-arccos — <co<1k 
A-2 
Satell ite zeni th angle Z加 
w i t h 
X J 二 155°, longi tude o f the G 0 E S 9 
R = 637Skm , equatorial radius o f the Earth 
H 二 35800km, nomina l alt i tude o f the satell ite G 0 E S 9 
Satell ite az imuth angle a : 
a 如=arctan ^ — — — ^ +180 
s i n p 
Co-scattering angle y/ 
y/ 二 Z^ cos Z^^, + sin Z^ sin Z见t cos a如一 a. 
w i t h 
Z = — — y , solar zenith angle (unit : radians) 
‘ 2 
A-3 
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